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ཁࢫ
ఆཧূ໌ࢧԉܥ CoqͰ͸ɼແݶʹଓ͘Ϧετͷ౳ՁੑͷΑ͏ͳɼ༨ؼೲతੑ࣭ͷূ໌Λߦ
͏͜ͱ͕Ͱ͖Δɽ͜ͷΑ͏ͳূ໌͸ແݶʹଓ͘σʔλ͕ੑ࣭Λຬͨ͠ଓ͚Δ͜ͱΛূ໌͢Δ
ͨΊɼແݶʹଓ͘Α͏ͳܗͱͳΔɽͨͩɼCoqͰ͸ແݶͷূ໌͸ͦͷ··ѻ͏͜ͱ͕Ͱ͖ͳ
͍ͨΊɼ࠶ؼؔ਺ͱͯ͠දݱ͞ΕΔɽͦͷͨΊɼҙຯͷͳ͍ϧʔϓͷܗͰͳ͍ͱ͍͏ɼΨʔ
υ৚݅ͷݕ͕ࠪূ໌ͷ࠷ޙʹߦΘΕΔɽΑͬͯɼূ໌શମΛݕࠪ͢ΔͨΊʹ͕͔͔࣌ؒΔͱ
͍͏໰୊΍ɼূ໌ͷ్தͰΨʔυ৚݅Λຬͨ͞ͳ͘ͳͬͯ΋Ϣʔβ͕࠷ޙͷݕࠪ·Ͱؾͮ͘
͜ͱ͕Ͱ͖ͳ͍ͱ͍͏໰୊͕͋Δɽͳ͓ɼূ໌ͷ్தʹͦΕ·Ͱͷ෦෼తͳূ໌ʹ͍ͭͯݕ
ࠪΛߦ͏ Guarded ίϚϯυ͕༻ҙ͞Ε͍ͯΔ͕ɼ࣮ߦ͢Δຖʹূ໌ͷ࠷ॳ͔ΒݕࠪΛߦ͏
ͨΊɼԿ౓΋࣮ߦ͢Δͱޮ཰͕ѱ͍ɽ͞Βʹɼݱঢ়ͷࣗಈূ໌λΫςΟΫΛ༻͍ͯূ໌Λ͢
ΔͱɼΨʔυ৚݅Λຬͨ͞ͳ͍ূ໌Λੜ੒ͯ͠͠·͏͜ͱ͕͋Δͱ͍͏໰୊΋͋Δɽͦ͜Ͱ
ຊ࿦จͰ͸ɼΨʔυ৚݅ͷݕࠪΛূ໌தʹগͣͭ͠ߦ͍ɼ৚݅Λຬͨ͞ͳ͘ͳͬͨࡍ͸ଈ࠲
ʹϢʔβʹ஌ΒͤΔΑ͏ͳ઴ਐతݕࠪΛఏҊ͢Δɽ઴ਐతݕࠪͰ͸ɼݕࠪΛߦ͍ͭͭ৘ใΛ
ूΊΔ͜ͱʹΑΓɼͰ͖Δ͚ͩॏෳ෦෼ͷݕࠪΛߦΘͳ͍ɽ·ͨɼࣗಈূ໌தʹΨʔυ৚݅
ͷݕࠪΛߦ͍ɼΨʔυ৚݅Λຬͨ͢ূ໌ͷΈΛੜ੒͢Δࣗಈূ໌λΫςΟΫ guarded_auto
Λ࣮૷ͨ͠ɽ͜ͷ઴ਐతݕࠪΛߦ͏͜ͱʹΑΓɼ༨ؼೲతূ໌ͷ్தʹΨʔυ৚݅Λຬͨ͞
ͳ͘ͳͬͨΒͦͷ࣌఺ͰΤϥʔΛग़ྗͰ͖Δɽ·ͨɼ͓͓Αͦඪ४ͷ Coq ͷݕࠪͱಉ͘͡
Β͍ͷݕࠪ࣌ؒͰΨʔυ৚݅ͷݕࠪΛߦ͏͜ͱ͕Ͱ͖Δɽ͞Βʹ guarded_auto Λ༻͍Δ
͜ͱͰɼΨʔυ৚݅Λຬͨ͢ূ໌ΛࣗಈͰੜ੒Ͱ͖Δɽ
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1 ͸͡Ίʹ
ఆཧূ໌ࢧԉܥ͸ɼϢʔβ͕هड़ͨ͠ܗࣜతূ໌ͷهड़ࢧԉ΍ਖ਼౰ੑΛػցతʹݕূ͢Δγε
ςϜͰ͋ΓɼCoq [1], Isabelle [2]ɼAgda [3]ͳͲ͕༗໊Ͱ͋ΔɽதͰ΋ϑϥϯεͷ INRIAͰ։
ൃ͞Εͨ Coq͸ɼݱࡏ·Ͱʹ࢛৭ఆཧͷূ໌ͷਖ਼͠͞ͷݕূ [4]΍ Feit-Thompsonͷఆཧʹؔ
͢Δܗࣜূ໌ [5]ɼCίϯύΠϥͷݕূ [6]ͳͲ͕ୡ੒͞Ε͓ͯΓɼ޿͘஌ΒΕ͍ͯΔఆཧূ໌
ࢧԉܥͷҰͭͰ͋Δɽ
Coq Ͱ͸ແݶʹଓ͘ϦετͷΑ͏ͳɼ༨ؼೲతͳσʔλΛఆٛͰ͖Δɽͨͱ͑͹ࣗવ਺ 0 ͕
ແݶʹଓ͘Ϧετ͸ɼίϯετϥΫλ ConsΛ༻͍ͯ Cons 0 (Cons 0 (Cons 0 ...ͱͯ͠ॻ
͘͜ͱ͕Ͱ͖Δɽ
CoInductive stream: Type := Cons: nat -> stream -> stream.
͜͜Ͱ͸ແݶʹଓࣗ͘વ਺ͷϦετΛද͢ streamܕΛ༨ؼೲతʹఆ͍ٛͯ͠Δɽͳ͓ɼType
͸ Coqʹ͓͚Δ͋ΒΏΔܕͷ্ҐͷܕͰɼstream͕ܕͰ͋Δ͜ͱΛද͍ͯ͠Δɽ
streamܕΛ༻͍ͯɼ0͕ແݶʹଓ͘Ϧετ zerosͱ 1͕ແݶʹଓ͘Ϧετ ones͸࣍ͷΑ͏
ʹఆٛͰ͖Δɽ͜͜Ͱ CoFixpoint͸σʔλ΍ؔ਺Λ༨ؼೲతʹఆٛ͢Δࡍʹ༻͍ΔɼCoqͷ
ίϚϯυͰ͋Δɽ
CoFixpoint zeros: stream := Cons 0 zeros. (* [0, 0, 0, ...] *)
CoFixpoint ones : stream := Cons 1 ones. (* [1, 1, 1, ...] *)
·ͨɼ͜ͷ zerosͱ ones͸ Coqͷ಺෦ʹ͓͍ͯ࣍ͷΑ͏ͳܗͰදݱ͞Ε͍ͯΔɽ
cofix zeros: stream := Cons 0 zeros
cofix ones : stream := Cons 1 ones
͜͜Ͱ cofix͸࠷େෆಈ఺ԋࢉࢠΛද͢ɽzerosͱ ones͸࠷େෆಈ఺ͱͳΔม਺Λಋೖ͠ɼ༨
࠶ؼݺͼग़͠Λߦ͏Α͏ͳ࠶ؼؔ਺ͱͯ͠ఆ͍ٛͯ͠Δɽ
cofixΛ༻͍ΔͱɼఆٛͷӈลͰ༨࠶ؼݺͼग़͕͠ߦ͑ΔͨΊɼҎԼͷΑ͏ͳఆٛ΋Մೳ͔ʹ
ࢥΘΕΔɽ
cofix loop : stream := loop
cofix snd_zeros: stream := snd (0, snd_zeros)
͔͠͠ɼCoqͰ͸શҬؔ਺͔͠ఆٛͰ͖ͳ͍ͨΊɼ͜ΕΒͷΑ͏ʹແݶϧʔϓͱͳΔఆٛ͸Ͱ
͖ͳ͍ɽҰݟແݶϧʔϓʹݟ͑Δ zerosͳͲͷఆٛͱͷҧ͍͸ɼ͜ΕΒ͸ͲͷΑ͏ͳؔ਺ʹద
༻ͤͯ͞΋ඞͣແݶϧʔϓͱͳͬͯ͠·͏ͱ͍͏఺Ͱ͋Δɽͨͱ͑͹ɼstreamܕͷσʔλͷઌ
಄Λฦؔ͢਺ hd_streamʹ zeros΍ onesΛ༩͑Δͱ݁Ռ͕ฦ͞ΕΔ͕ɼloop΍ snd_zeros
1
Λ༩͑Δͱܭࢉ͕ఀࢭ͠ͳ͍ɽͦͷͨΊ Coq Ͱ༨ؼೲతͳఆٛΛߦ͏ࡍ͸ɼ͜ͷΑ͏ͳܗͷ
ఆٛͱͳ͍ͬͯͳ͍͜ͱͷݕ͕ࠪඞཁʹͳΔɽ͜ͷݕࠪ͸༨ؼೲతఆٛͷΨʔυ৚݅ͷݕࠪ
(guardedness check)ͱݺ͹Ε͍ͯΔɽ
ͳ͓ɼCoq͸ΧϦʔɾϋϫʔυಉܕରԠ [7]ʹج͍͓ͮͯΓɼܕ໋͕୊Λɼ߲͕ূ໌ͱରԠ͠
͍ͯΔɽͦͷͨΊɼఆٛͨ͠஋ (߲)ͱূ໌͸ͲͪΒ΋಺෦తʹ͸ূ໌߲ͱ͍͏ϓϩάϥϜͰද
ݱ͞Ε͍ͯΔɽ͜ͷূ໌߲͸ɼҰൠతʹλΫςΟΫͱݺ͹ΕΔίϚϯυΛ༻͍ͯߏங͢Δɽઌఔ
ͷ zeros΍ ones΋ূ໌߲Ͱ͋ΔͨΊɼstreamܕͷ஋͕ଘࡏ͢Δͱ͍͏ূ໌ͱͯ͠ΈΔ͜ͱ΋
Ͱ͖Δɽ
ݱঢ়ͷ Coqʹ͓͍ͯɼ͜ͷΨʔυ৚݅ͷݕࠪ͸༨ؼೲతূ໌ͷऴྃ࣌ʹূ໌߲ʹରͯ͠ߦΘ
Εɼূ໌్தʹ͸ߦΘΕͳ͍ͨΊɼূ໌్தʹΨʔυ৚݅Λຬͨ͞ͳ͍Α͏ͳূ໌ͱͳͬͯ͠
·ͬͯ΋ɼϢʔβ͸࠷ޙͷݕࠪ·Ͱؾͮ͘͜ͱ͕Ͱ͖ͳ͍ɽ·ͨɼূ໌͕େ͖͘ͳΕ͹ূ໌߲΋
౰વେ͖͘ͳΔͨΊɼݕࠪࣗମʹ΋͕͔͔࣌ؒͬͯ͠·͍ɼݕࠪ݁ՌΛಘΔ·Ͱͷ͕࣌ؒΑΓଟ
͔͔ͬͯ͘͠·͏ɽূ໌్தʹݕࠪΛߦ͏ GuardedίϚϯυ͕ඪ४Ͱ༻ҙ͞Εͯ͸͍Δ͕ɼ͜
Ε͸࣮ߦ͢ΔຖʹͦΕ·Ͱʹߏங͞Εͨূ໌߲ʹ͍ͭͯ࠷ॳ͔ΒݕࠪΛߦ͏ͨΊɼΨʔυ৚݅ͷ
ݕࠪΛ͢ΔͨΊʹλΫςΟΫຖʹ͜ͷίϚϯυΛ࣮ߦ͢ΔͱɼԿ౓΋ಉ͡෦෼ͷূ໌߲ͷݕࠪΛ
ߦ͏͜ͱʹͳΓޮ཰͕ѱ͍ɽ
͞ΒʹɼCoqʹ͓͚Δࣗಈূ໌λΫςΟΫͰ͋Δ auto͸ɼΨʔυ৚݅Λߟྀͤͣʹࣗಈূ໌
Λߦ͏ɽΑͬͯɼΨʔυ৚݅Λຬͨ͞ͳ͍Α͏ͳূ໌Λੜ੒ͯ͠͠·͏͜ͱ͕͋Γɼ༨ؼೲతূ
໌ͱ͸૬ੑ͕ѱ͍͜ͱ͕஌ΒΕ͍ͯΔ [8, 9]ɽ
ͦ͜ͰɼຊݚڀͰ͸༨ؼೲతূ໌ͷΨʔυ৚݅Λূ໌߲͕ߋ৽͞ΕΔͨͼʹগͣͭ͠ݕࠪͯ͠
͍͘ɼ઴ਐతݕࠪΛఏҊ͢Δɽ۩ମతʹ͸ɼλΫςΟΫ͕࣮ߦ͞ΕΔͨͼʹߋ৽ࠩ෼ͱͳΔূ໌
߲Λऔಘ͠ɼͦͷ෦෼ʹ͍ͭͯͷΈݕࠪΛߦ͏ɽূ໌߲ͷݕ͕ࠪऴྃͨ͠ࡍʹ͸ɼͦͷ࣌఺Ͱͷ
؀ڥ΍༨࠶ؼݺͼग़͠Λද͢ม਺ͳͲͷ৘ใΛอ͓͖࣋ͯ͠ɼ࣍ʹλΫςΟΫ͕࣮ߦ͞Εͨࡍͷ
઴ਐతݕࠪʹར༻͢Δɽ
͞Βʹɼݱঢ়ͷ autoλΫςΟΫΛվྑ͠ɼ໋୊ͱܕ͕߹க͢ΔԾఆ͕બ୒͞ΕͨࡍʹݕࠪΛ
ߦ͍ɼΨʔυ৚݅Λຬͨ͞ͳ͍Α͏ͳԾఆΛద༻͠ͳ͍Α͏ʹͨ͠ guarded_autoλΫςΟΫ
Λ࣮૷ͨ͠ɽ͜ͷͱ͖ͷݕࠪ͸ɼඪ४ͷ΋ͷͱ઴ਐతݕࠪͷ྆ํΛར༻Ͱ͖Δɽ
ͳ͓ɼ઴ਐతݕࠪͱ guarded_autoλΫςΟΫ͸ Coqͷόʔδϣϯ 8.7.2 ʹ͓͍࣮ͯ૷ͨ͠ɽ
Ҏ߱ɼຊ࿦จͰ͸ಛʹஅΒͳ͍ݶΓ Coqͷॲཧܥ͸όʔδϣϯ 8.7.2ͱ͢Δɽ
ຊ࿦จͷߏ੒͸࣍ͷΑ͏ʹͳ͍ͬͯΔɽ2ষͰ͸ Coqʹ͓͚Δূ໌ͷྲྀΕʹ͍ͭͯɼূ໌߲͕
ߏங͞ΕΔ༷ࢠͱڞʹઆ໌͢Δɽ·ͨɼ༨ؼೲతͳূ໌ʹ͍ͭͯ΋આ໌͢Δɽ3 ষͰ͸ Coq ʹ
͓͚Δݱঢ়ͷΨʔυ৚͕݅ͲͷΑ͏ͳ΋ͷͰ͋Δ͔ɼ·ͨͦͷݕࠪͷྲྀΕʹ͍ͭͯઆ໌͢Δɽ4
ষͰ͸Ψʔυ৚݅ͷ઴ਐతݕࠪͷΞϧΰϦζϜʹ͍ͭͯઆ໌͢Δɽ5ষͰ͸ɼautoλΫςΟΫ
ͷ࢓૊Έ͓Αͼ࣮૷ͨ͠ guarded_auto λΫςΟΫʹ͍ͭͯઆ໌͢Δɽ6 ষͰ͸༨ؼೲతূ໌
ͷ͏ͪɼਓ޻తʹੜ੒ͨ͠΋ͷͱ࣮ࡍͷূ໌ʹରͯ͠ݕࠪΛߦͬͨ݁Ռʹ͍ͭͯࣔ͢ɽ7ষͰ͸
ؔ࿈ݚڀͱͷൺֱΛߦ͍ɼ8ষͰࠓޙͷ՝୊ʹ͍ͭͯड़΂Δɽ
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2 Coqʹ͓͚Δূ໌
Coq͸ INRIAʹΑͬͯ 1984೥ʹ։ൃ͞Εͨఆཧূ໌ࢧԉܥͰ͋Δɽͦͷओͳಛ௃ͱͯ͠͸ɼ
ΧϦʔɾϋϫʔυಉܕରԠʹج͍ͮͨূ໌΍ґଘܕɼλΫςΟΫهड़ݴޠ Ltac Λ༻͍ͨࣗಈূ
໌ͳͲ͕ڍ͛ΒΕΔɽຊষͰ͸ Coqʹ͓͚Δূ໌߲ͷߏจʹ͍ͭͯઆ໌ͨ͠ޙɼ࣮ࡍͷূ໌த
ʹূ໌߲͕ߏங͞Ε͍༷ͯ͘ࢠΛࣔ͠ɼ·ͨɼCoqͰͷ༨ؼೲతূ໌ʹ͍ͭͯड़΂Δɽ
2.1 ূ໌߲
CoqͰ͸ΧϦʔɾϋϫʔυಉܕରԠʹج͖ͮɼϓϩάϥϜͱͯ͠ূ໌Λදݱ͍ͯ͠Δɽͨͱ͑
͹ forall P, P → P͸ʮ೚ҙͷ໋୊ Pʹ͍ͭͯɼPͳΒ͹ Pʯͱ͍͏໋୊Λҙຯ͢Δ͕ɼʮܕ
Pͱ PܕͷҾ਺Λͱͬͯ Pܕͷ஋Λฦ͢ʯؔ਺ͱͯ͠ͷҙຯ΋࣋ͭɽCoqʹ͓͍ͯ͋Δܕ Pͷ
໋୊Λূ໌͢ΔͨΊʹ͸ɼPܕΛ߲࣋ͭΛߏங͢Ε͹Α͍ɽCoqͰ͸͜ͷΑ͏ͳূ໌Λද߲͢ͷ
͜ͱΛূ໌߲ͱݺͿɽ
Coqʹ͓͍ͯɼূ໌߲͸ Gallinaͱ͍͏ݴޠͰهड़͞ΕΔɽͦͷओͳಛ௃͸ؔ਺ܕݴޠͰ͋Δ
͜ͱɼܕ΋߲ͱͯ͠ѻ͏͜ͱ͕Ͱ͖Δͱ͍͏఺͕͋Δɽͨͱ͑͹ 1͸ࣗવ਺Λද͢ܕ natͷ߲
Ͱ͋Γɼnat͸ू߹Λද͢ܕ Setͷ߲Ͱ͋Δɽ
Gallina߲ͷߏจΛਤ 2.1ʹࣔ͢ɽ͜͜Ͱ c͸ఆ਺ɼx͸ม਺ɼt͸ܕɼCi x1 ... xj ͸͋Δܕ
ͷ i ൪໨ͷίϯετϥΫλٴͼҾ਺ɼt.i ͸ϨίʔυͷࣹӨɼt1 t2 ... ti ͸ؔ਺ద༻Λද͢ɽ·
ͨɼfun x ⇒ t ͸ x ΛҾ਺ʹͱΓ t Λฦ͢ແ໊ؔ਺ɼforall x, t ͸ t ͕Ҿ਺ x ʹґଘ͢Δ
ؔ਺ɼlet x := t1 in t2 ͸ہॴม਺ఆٛ (let ࣜ) Λද͢ɽ࣍ʹɼmatch t return P with
C1 t11 ... t1j1 ⇒ t1 | ... | Ci ti1 ... tijk ⇒ ti end ͸ύλʔϯϚονͰ͋Γɼt ͕ύλʔϯϚο
ν͢Δର৅ͷ߲ɼP ͸ύλʔϯϚονશମͱͯ͠ͷฦΓ஋ͷܕΛද͠ɼͨͱ͑͹ t͕ C1 a bͷ
ͱ͖͸ t11 ʹ a͕ɼt12 ʹ b͕Ϛον͠ɼͦͷ্Ͱ t1 ͕ฦ͞ΕΔɽ·ͨɼfix x1 := t1 with ...
with xi := ti for xj ͱ cofix x1 := t1 with ... with xi := ti for xj ͸ͦΕͧΕ࠶ؼؔ਺ͱ
༨࠶ؼؔ਺Λද͍ͯ͠Δɽ͜͜Ͱ with͸ಉ࣌ʹؔ਺Λఆٛ͢Δ৔߹Λද͓ͯ͠Γɼ૬ޓ࠶ؼؔ
਺ͳͲͷఆٛͷࡍʹ༻͍ΒΕΔɽ͞ΒʹɼforͰ i൪໨ͷؔ਺ͷఆٛͰ͋Δ͜ͱΛද͍ͯ͠Δɽ
·ͨɼcast(t, t1)͸߲ tͷܕΛ t1 ΁Ωϟετ͢Δ͜ͱΛද͠ɼ?x͸ଘࡏม਺ (ূ໌߲ͷதͰະ
ߏஙͷ෦෼Λද߲͢)Λද͢ɽ
Ҏޙɼূ໌߲Λॻ͘ͱ͖ɼҰ෦·ͨ͸શମʹରͯ͠ܕ஫ऍΛೖΕΔ৔߹͕͋Δɽͨͱ͑͹ɼ
fun (x: nat) ⇒ x + 1 ͱ fun x ⇒ x + 1 : nat ⇒ nat ͸ͲͪΒ΋ fun x ⇒ x + 1 Λ
ද͢ɽ͞Βʹɼfun x ⇒ fun y ⇒ . . . ⇒ t͸ fun x y . . . ⇒ tͱɼforall x, forall
y, . . . , t͸ forall x y . . . , tͱུه͢Δɽ
·ͨɼҾ਺ʹґଘ͠ͳ͍ؔ਺ܕ forall_ : A, B ͸ A→ B ͱॻ͘͜ͱͱ͢Δɽ
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✓ ✏
t := c (ఆ਺)
| x (ม਺)
| t (ܕ)
| Ci x1 ... xj (ίϯετϥΫλ)
| t.i (ࣹӨ)
| t1 t2 ... ti (ؔ਺ద༻)
| fun x⇒ t (ແ໊ؔ਺)
| forall x, t (ґଘؔ਺ܕ)
| let x := t1 in t2 (ہॴม਺ఆٛ)
| match t return P with C1 t11 ... t1j1 ⇒ t1 | ... | Ci ti1 ... tijk ⇒ ti end
(ύλʔϯϚον)
| fix x1 := t1 with ... with xi := ti for xj (࠶ؼؔ਺)
| cofix x1 := t1 with ... with xi := ti for xj (༨࠶ؼؔ਺)
| cast(t, t1) (ܕΩϟετ)
| ?x (ଘࡏม਺)✒ ✑
ਤ 2.1 Gallina߲ͷߏจ
͞Βʹɼূ໌߲ͷҰ൪֎ଆ͕͜ΕҎ্؆໿ΛਐΊΔ͜ͱ͕Ͱ͖ͳ͍ܗͷͱ͖ɼͦͷূ໌߲͸ऑ
಄෦ਖ਼نܗͰ͋Δͱ͍͏ɽͳ͓͜͜Ͱͷ؆໿ͱ͸ɼβ, δ, ζ, ι؆໿ͷ͜ͱΛ͍͏ɽ
2.2 Coqͷূ໌ͷྲྀΕ
Coq ʹ͓͍ͯɼূ໌Λߦ͏ࡍ͸ओʹλΫςΟΫͱݺ͹ΕΔɼ໋୊ΛมԽͤ͞ΔΑ͏ͳίϚϯ
υΛ༻͍ΔɽϢʔβ͸ Coqͷର࿩؀ڥʹ͓͍ͯλΫςΟΫΛॱ࣍༩͑ɼ໋୊͕มԽ͍༷ͯ͘͠
ࢠΛ֬ೝ͠ͳ͕Βطଘͷఆཧ΍ެཧ·Ͱؼணͤ͞Δ͜ͱͰূ໌Λߦ͏ɽCoq ʹ͓͍ͯূ໌͢Δ
͜ͱ͸ূ໌߲Λߏங͢Δ͜ͱͰ͋ΓɼλΫςΟΫΛ࣮ߦ͢Δͱূ໌߲͕ߏங͞ΕΔɽ͜͜Ͱ͸ɼ
∀n, ∀m, (n+ 1) +m = n+ (m+ 1)ͷূ໌ྫΛ༻͍ͯɼCoqʹ͓͚Δূ໌ͷྲྀΕɼ͓Αͼূ໌
߲͕ͲͷΑ͏ʹߏங͞Ε͍͔ͯ͘Λઆ໌͢Δɽ
ιʔείʔυ 2.1 ʹ Coq ʹಡΈࠐ·ͤΔίϚϯυͷྻͰ͋Δূ໌εΫϦϓτΛࣔ͢ɽͳ͓ɼ
Coqʹ͓͍ͯࣗવ਺͸ 0ͱޙऀؔ਺͔Βߏ੒͞ΕΔͨΊɼn+ 1͸ S nͱͯ͠දݱ͞ΕΔɽ
Coqʹ͓͍ͯূ໌Λߦ͏ͱ͖͸ɼ·ͣ LemmaίϚϯυΛ༻͍ͯɼূ໌ͷ໊લͱ໋୊Λॱʹه
ड़͢Δɽ͜͜Ͱ͸ূ໌ͷ໊લΛ add_S_commͱͨ͠ɽͳ͓ Coqʹ͓͍ͯλΫςΟΫ΍ίϚϯυ
͸จͱͯ͠ѻΘΕɼϐϦΦυͰ۠੾ΒΕΔɽ
Coq Ͱ͸ Proof ίϚϯυ (লུՄೳ) ͱ Qed ίϚϯυͷؒʹλΫςΟΫΛهड़͠ɼূ໌Λߦ
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ιʔείʔυ 2.1 add_S_commͷূ໌
1 Lemma add_S_comm: forall n m: nat , S n + m = n + S m.
2 Proof.
3 intros n m.
4 induction n.
5 - reflexivity.
6 - simpl.
7 f_equal.
8 apply IHn.
9 Qed.
͏ɽͳ͓ɼιʔείʔυ 2.1 ͷ 2 ߦ໨ͷ Proof ίϚϯυ·Ͱ Coq ʹ ಡΈࠐ·ͤͨঢ়ଶͰ͸ɼ
Ծఆ͕άϩʔόϧͳ؀ڥ Γɼࣔ͢΂໋͖୊͕ forall n m: nat, S n + m = n + S mͰ͋Δɽ
Ҏ߱ɼԾఆ H ͱࣔ͢΂໋͖୊ P ͷ૊ΛΰʔϧͱݺͼɼH ⊢ P ͱද͢͜ͱͱ͢Δɽ
·ͨɼҰͭͷΰʔϧ͸ূ໌߲ʹ͓͚Δଘࡏม਺ͷҰͭʹରԠ͓ͯ͠ΓɼԾఆ͕ଘࡏม਺ͷ
Ґஔʹ͓͚Δ؀ڥɼ໋୊͕ଘࡏม਺ͷܕΛද͍ͯ͠ΔɽΑͬͯɼূ໌։࢝࣌ͷΰʔϧΛଘࡏม
਺ ?Goal0ͱ͢Δͱɼ ?Goal0͸࣍ͷΑ͏ͳΰʔϧͱͳ͍ͬͯΔɽ
?Goal0 = Γ ⊢ forall n m: nat, S n + m = n + S m
͜Ε͸ɼ ?Goal0ʹ͸ Γ ⊢ forall n m: nat, S n + m = n + S mͷূ໌͕༩͑ΒΕΔͱ
͍͏͜ͱΛද͍ͯ͠Δɽ
࣍ʹɼιʔείʔυ 2.1ͷ 3ߦ໨ͷ intros n mΛ࣮ߦ͢Δͱɼ໋୊͔Β forall n m: nat,
ΛऔΓআ͖ɼԾఆʹ n: natͱ m: natΛ௥Ճ͢Δɽ
͢ΔͱɼλΫςΟΫͷ࣮ߦʹΑͬͯ࣍ͷΑ͏ͳূ໌߲͕ߏங͞ΕΔɽ
fun n m: nat => ?Goal1
Coq ʹ͓͍ͯɼ͜ͷΑ͏ͳূ໌߲͸ଘࡏม਺ʹඥ͍ͮͯอଘ͞ΕΔɽ͜ͷͱ͖͸ intros n
m ͷ࣮ߦʹΑΓɼଘࡏม਺ ?Goal0 ʹରԠ͢Δূ໌߲ͱͯ͠ઌఔͷূ໌߲ fun n m: nat =>
?Goal1͕ඥ෇͚ΒΕΔɽ͜ͷΑ͏ʹଘࡏม਺ʹඥ෇͍ͨূ໌߲ͷ͜ͱΛ෦෼ূ໌߲ͱݺͿɽূ
໌தʹੜ੒͞Εͨଘࡏม਺ʹରԠ͢Δ෦෼ূ໌߲Λඥ෇͚͍͖ͯɼશͯͷଘࡏม਺ʹ෦෼ূ໌
߲͕ඥ෇͍ͨͱ͖ʹূ໌͕ऴྃ͢Δɽͳ͓ɼҎ߱͸ଘࡏม਺ ?x ʹ෦෼ূ໌߲M ͕ඥ෇͘͜ͱ
Λ ?x %→ M ͱॻ͘ɽ
·ͨɼ ?Goal1͸࣍ͷΑ͏ͳΰʔϧͱͳ͍ͬͯΔɽ
?Goal1 = Γ, n: nat, m: nat ⊢ S n + m = n + S n
࣍ʹιʔείʔυ 2.1ͷ 4ߦ໨ͷ induction nΛ࣮ߦ͢Δͱɼࣗવ਺ nʹ͍ͭͯؼೲ๏Λߦ
͏ɽλΫςΟΫ࣮ߦޙͷূ໌߲શମ͸࣍ͷΑ͏ʹͳΔɽ
fun n m: nat =>
nat_ind (fun n’: nat => S n’ + m = n’ + S m) ?Goal2
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(fun (n’: nat) (IHn: S n’ + m = n’ + S m) => ?Goal3) n
͜͜Ͱ nat_ind ͸ nat ܕͷ߲ʹର͢Δؼೲ๏Λߦ͏ؔ਺Ͱ͋ΓɼୈҰҾ਺͸໋͍ࣔͨ͠୊ɼ
ୈೋҾ਺͸ n͕ 0ͷ৔߹ͷূ໌ɼୈࡾҾ਺͸ n͕ S n’ͷ৔߹ͷূ໌ɼୈ࢛Ҿ਺͸ؼೲ๏Λߦ͏
߲ (͜ͷ৔߹͸ n)Λද͍ͯ͠ΔɽͦͷͨΊɼΰʔϧ͕ೋͭͷαϒΰʔϧʹ෼͔Εɼূ໌߲શମʹ
͸ଘࡏม਺͕ೋͭଘࡏ͢ΔΑ͏ʹͳΔɽΑͬͯɼଘࡏม਺ ?Goal1ʹ͸࣍ͷΑ͏ʹ෦෼ূ໌߲͕
ඥ෇͘ɽ
?Goal1 %→
nat_ind (fun n’: nat => S n’ + m = n’ + S m) ?Goal2
(fun (n’: nat) (IHn: S (S n’) + m = S n’ + S m) => ?Goal3) n
ͳ͓ɼCoqͷূ໌߲ʹ͓͍ͯ͸ɼ͜ͷΑ͏ʹॏෳ͠ͳ͍ม਺໊͕ࣗಈతʹੜ੒͞ΕΔɽ
·ͨɼ͜ͷͱ͖ ?Goal2ͱ ?Goal3͸࣍ͷΑ͏ͳΰʔϧͱͳ͍ͬͯΔɽ
?Goal2 = Γ, n: nat, m: nat ⊢ S 0 + m = 0 + S m
?Goal3 = Γ, n: nat, m: nat, n’: nat, IHn: S n’ + m = n’ + S m
⊢ S (S n’) + m = S n’ + S m
࣍ʹιʔείʔυ 2.1ͷ 5ߦ໨ͷઌ಄ʹ͋Δ -͕ಡΈࠐ·ΕΔɽ͜Ε͸όϨοτͱݺ͹ΕΔ΋
ͷͰ͋Γɼΰʔϧ͕ෳ਺ʹ෼͔ΕΔͱ͖ʹূ໌ΛಡΈ΍͘͢͢ΔͨΊͷه๏Ͱ͋Δɽ͜ͷྫͰ͸
induction nͷ࣮ߦͰೋͭͷαϒΰʔϧʹ෼͔ΕͨޙɼҰͭ໨ͷαϒΰʔϧʹ͸ reflexivity
λΫςΟΫɼೋͭ໨ͷαϒΰʔϧʹ͍ͭͯ͸ simplҎԼͷλΫςΟΫΛ࣮ߦ͢Δͱ͍͏͜ͱΛ
ද͍ͯ͠Δɽ
࣍ʹ reflexivityΛ࣮ߦ͢Δͱɼ౳ࣜͷ྆ล͕ߏจతʹ౳͍͠ͱ͖ͷΰʔϧΛূ໌͢Δɽ͜
ͷͱ͖͸ =ͷ൓ࣹ཯Λද͢ఆཧ eq_refl͕༻͍ΒΕΔɽͳ͓ɼreflexivity͸ਖ਼نܗΛٻΊͯ
͔Βߏจతʹ౳͍͔͠Λ͔֬Ί͍ͯΔɽΑͬͯɼଘࡏม਺ ?Goal2 ʹ͸෦෼ূ໌߲ͱͯ͠ఆཧ
eq_refl͕ඥ෇͘ɽ
?Goal2 %→ eq_refl
͜͜Ͱ෦෼ূ໌߲ͷதʹଘࡏม਺ؚ͕·Εͳ͘ͳͬͨͨΊɼҰͭ໨ͷαϒΰʔϧͷূ໌͕ऴྃ
ͨ͠ɽ
࣍ʹೋͭ໨ͷαϒΰʔϧʹ͍ͭͯɼιʔείʔυ 2.1ͷ 6ߦ໨ͷ simplΛ࣮ߦ͢Δͱɼΰʔ
ϧʹ͓͚Δ໋୊ͷਖ਼نܗΛٻΊɼܕͷΩϟετΛߦ͏ɽ͜ͷͱ͖͸ S (S n’) + m = S n’ +
S m͕ S (S (n’ + m)) = S (n’ + S m)ʹΩϟετ͞ΕΔɽΑͬͯɼ?Goal3ʹ͸࣍ͷΑ͏
ͳ෦෼ূ໌߲͕ඥ෇͘ɽ
?Goal3 %→ cast(?Goal4, S (S (n’ + m)) = S (n’ + S m))
͜ΕʹΑΓɼ ?Goal4͸ɼ࣍ͷΑ͏ͳΰʔϧͱͳΔɽ
?Goal4 = Γ, n: nat, m: nat, n’: nat, IHn: S (S n’) + m = S n’ + S m
⊢ S (S (n’ + m)) = S (n’ + S m)
࣍ʹιʔείʔυ 2.1ͷ 7ߦ໨ͷ f_equalλΫςΟΫΛ࣮ߦ͢Δͱɼΰʔϧͷ໋୊ʹ͓͚Δ
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౳ࣜͷ྆ล͕ಉ͡ίϯετϥΫλ (͜͜Ͱ͸ S)ͷͱ͖ʹɼͦΕΛണ͕͢Α͏ͳมܗΛߦ͏ɽΑͬ
ͯɼ?Goal4ʹ͸࣍ͷΑ͏ͳ෦෼ূ໌߲͕ඥ෇͘ɽ
?Goal4 %→ let H: S (n’ + m) = n’ + S m := ?Goal5 in
(fun H’: S (n’ + m) = n’ + S m =>
eq_trans
(f_equal (fun f: nat -> nat => f (S (n’ + m))) eq_refl)
(f_equal S H’)) H)
͜͜Ͱఆཧ eq_trans͸ =ͷਪҠ཯Λද͢ఆཧɼf_equal͸౳ࣜͷ྆ลͷ֎ଆ͕ಉؔ͡਺ (ί
ϯετϥΫλ)ͷ৔߹ʹͦΕΛണ͕͢Α͏ͳఆཧͰ͋ΓɼୈҰҾ਺͕౳ࣜͷ྆ลʹ͔͔͍ͬͯΔ
ؔ਺ɼୈೋҾ਺͕ͦͷؔ਺Λണ͕ͨ͠ޙͷ౳͕ࣜ౳͍͜͠ͱͷূ໌Λද͍ͯ͠Δɽ
Αͬͯɼ ?Goal5͸࣍ͷΑ͏ͳΰʔϧͱͳΔɽ
?Goal4 = Γ, n: nat, m: nat, n’: nat, IHn: S (S n’) + m = S n’ + S m
⊢ S (n’ + m) = n’ + S m
࣍ʹιʔείʔυ 2.1ͷ 8ߦ໨ͷ apply IHnΛ࣮ߦ͢Δͱɼؼೲ๏ͷԾఆ IHn͕ূ໌߲ͱ͠
ͯ௚઀༩͑ΒΕΔɽ
?Goal5 %→ IHn
?Goal5ʹ෦෼ূ໌߲͕ඥ͍ͮͨޙ͸ೋͭ໨ͷαϒΰʔϧͷূ໌͕ऴྃ͠ɼূ໌߲શମʹଘࡏ
ม਺͕ແ͘ͳΔͨΊɼ9ߦ໨ͷ QedίϚϯυͰূ໌Λ׬ྃͤ͞Δɽ
2.3 ෦෼ূ໌߲͔Βূ໌߲ͷߏங
ূ໌߲શମ͔Βଘࡏม਺͕ແ͘ͳΓɼQedίϚϯυ͕ಡΈࠐ·Εͨࡍ͸ɼઌఔͷΑ͏ͳ෦෼ূ
໌߲ͷू·Γ͔ΒҰͭͷূ໌߲Λߏஙͯ͠อଘ͢Δɽͳ͓ɼ͜ͷࡍʹ͸ূ໌߲ͷܕݕࠪ΋ߦͬͯ
͓Γɼcast͕ݱΕͨࡍ͸ফ͍ͯ͠Δɽ
͜Ε͸ূ໌։࢝࣌ͷଘࡏม਺͔Β࢝Ίͯɼ࣍ͷΑ͏ͳखॱͰߦΘΕ͍ͯΔɽ
1. ଘࡏม਺ʹඥ෇͍͍ͯΔ෦෼ূ໌߲Λऔಘ͠ɼଘࡏม਺Λͦͷ෦෼ূ໌߲Ͱஔ׵͢Δɽ
2. ෦෼ূ໌߲Λ૸ࠪ͠ɼม਺Λ de Bruijn indexʹม׵ͭͭ͠ଘࡏม਺Λ୳͢ɽ
3. ଘࡏม਺͕ݟ͔ͭͬͨΒ 1ʹ໭Δɽݟ͔ͭΒͳ͔ͬͨ৔߹͸ऴྃ͢Δɽ
ઌఔͷྫͰ͸ূ໌։࢝࣌ͷଘࡏม਺͕ ?Goal0ͷͨΊɼඥ෇͍͍ͯΔ෦෼ূ໌߲Ͱஔ׵͠ଘࡏม
਺Λ૸͍ࠪͯ͘͠ɽ
ͦͷ݁Ռɼ࠷ऴతʹಘΒΕͨূ໌ add_S_commͷূ໌߲͸ਤ 2.2ͷΑ͏ʹͳΔɽ
Coqʹ͓͍ͯ͸ɼ͜ͷΑ͏ʹͯ͠෦෼ূ໌߲ͷू·Γ͔Βূ໌߲Λߏங͍ͯ͠Δɽͨͩ͠ɼ࣮
ࡍͷূ໌Ͱ͸ Coq ʹΑͬͯɼଘࡏม਺΍ΰʔϧ͕΋͏গ͠ࡉ͔ࣗ͘ಈతʹੜ੒͞ΕΔɽ·ͨɼ
͜ͷྫͷΑ͏ͳ୯७ͳূ໌ʹ͓͍ͯ΋ਤ 2.2ͷΑ͏ͳূ໌߲͕ੜ੒͞ΕΔͨΊɼෳࡶͳূ໌ͷ৔
߹͸ূ໌߲ͷαΠζ͕๲େͱͳΔɽͦͷ৔߹ʹ͸෦෼ূ໌߲͔Βূ໌߲Λߏங͢Δࡍʹ΋͔ͳΓ
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1 (fun n m: nat => nat_ind (fun n’: nat => S n’ + m = n’ + S m) eq_refl
2 (fun (n’: nat) (IHn: S n’ + m = n’ + S m) =>
3 let H: S (n’ + m) = n’ + S m := IHn in
4 (fun H’: S (n’ + m) = n’ + S m =>
5 eq_trans (f_equal (fun f: nat -> nat => f (S (n’ + m))) eq_refl)
6 (f_equal S H’)) H) n)
ਤ 2.2 add_S_commͷূ໌߲
ͷ͕͔͔࣌ؒΔɽ
2.4 ༨ؼೲతূ໌
Coqʹ͓͍ͯ͸ɼ2.2અͰࣔͨ͠Α͏ͳؼೲ๏Λ༻͍Δূ໌ͷଞʹɼ༨ؼೲ๏Λ༻͍Δূ໌΋
ߦ͏͜ͱ͕Ͱ͖ΔɽҎԼʹɼ1ষͰఆٛͨ͠ onesͱ allS zeros͕౳ՁͰ͋Δ͜ͱͷূ໌Λྫ
ͱͯࣔ͢͠ɽ͜͜ͰɼallS͸ streamܕͷ஋ͷશͯͷཁૉʹ 1ΛՃࢉ͢Δɼ࣍ͷΑ͏ͳূ໌߲
Ͱද͞ΕΔؔ਺Ͱ͋Δɽ
cofix allS s := match s with Cons h t -> Cons (S h) (allS t) end
·ͣɼҾ਺ͱͯ͠ͱΔೋͭͷ stream ͕౳ՁͰ͋Δͱ͍͏ɼ༨ؼೲతʹఆٛ͞Εͨੑ࣭
stream_eqΛఆٛ͢Δɽ
CoInductive stream_eq: stream -> stream -> Type :=
| SEqCons: forall h x y,
stream_eq x y -> stream_eq (Cons h x) (Cons h y).
stream_eqΛਤࣔ͢Δͱਤ 2.3ͷΑ͏ʹͳΔɽ͜ͷੑ࣭ stream_eq͸༨ؼೲతʹఆٛ͞Εͯ
͍ΔͨΊɼࣗવ਺ͷແݶϦετ (Cons h x) ͱ (Cons h y) ͕ stream_eq Λຬ͍ͨͯ͠Δͱ
͖ɼͦΕͧΕͷઌ಄ཁૉΛআ͍ͨࣗવ਺ͷແݶϦετ xͱ y͕ stream_eqΛຬͨ͠ଓ͚Δͱ͍
͏͜ͱΛද͍ͯ͠Δɽ
͜ͷ stream_eq Λ༻͍ͯɼূ໌͢΂໋͖୊͸ stream_eq ones (allS zeros) ͱॻ͚Δɽ
͜ͷΑ͏ʹ༨ؼೲతʹఆٛ͞Εͨੑ࣭ʹ͍ͭͯͷূ໌͸ɼ༨ؼೲ๏Ͱߦ͏͜ͱ͕Ͱ͖Δɽ
༨ؼೲ๏ͱ͸ɼ༨ؼೲతʹఆٛ͞Εͨσʔλ͕༨ؼೲతੑ࣭ P Λຬ͍ͨͯ͠Δ͜ͱΛԾఆ͠ɼ
ͦͷσʔλͷҰ෦෼΋ P Λຬͨ͠ଓ͚Δ͜ͱΛূ໌͢Δ͜ͱͰɼσʔλશମ͕ P Λຬ͍ͨͯ͠
Δ͜ͱΛূ໌͢Δํ๏Ͱ͋Δɽ
⊢ stream_eq x y
⊢ stream_eq (Cons h x) (Cons h y)
ਤ 2.3 ༨ؼೲతʹఆٛ͞Εͨੑ࣭ stream_eq
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CoqͰ༨ؼೲ๏Λ༻͍ͨূ໌Λߦ͏ࡍʹ͸ cofixλΫςΟΫΛ༻͍ΔɽcofixλΫςΟΫ͸ɼ
ݱࡏͷΰʔϧʹ͓͚Δ໋୊Λͦͷ··Ծఆ΁ίϐʔ͢ΔΑ͏ͳૢ࡞Λߦ͏ɽ͜Ε͸໋୊ΛԾఆ͢
Δ͜ͱʹ૬౰͠ɼͦͷԾఆΛ༻͍Δ͜ͱ͕ূ໌߲ʹ͓͚Δ༨࠶ؼݺͼग़͠ʹ૬౰͢Δɽ͜ͷΑ͏
ʹ໋୊ΛԾఆ্ͨ͠ͰɼσʔλͷҰ෦෼͕ੑ࣭Λຬͨ͠ଓ͚Δ͜ͱΛূ໌͢Δɽୠ͠ɼͦͷԾఆ
Λͦͷ··ূ໌ͱͯ͠͠·͏ͱҙຯͷͳ͍ܗͷূ໌߲ɼͭ·Γ 1ষͰઆ໌ͨ͠Α͏ͳແݶϧʔϓ
ͷΑ͏ͳܗͷূ໌߲ͱͳͬͯ͠·͍ɼΨʔυ৚݅Λຬͨ͞ͳ͍ͨΊɼCoqʹ͓͍ͯਖ਼͍͠ূ໌ͱ
͸ͳΒͳ͍͜ͱʹؾΛ͚ͭͯূ໌Λߦ͏ඞཁ͕͋Δɽ
͜ͷূ໌ ones_succzeros_eq͸ɼ࣍ͷखॱΛ܁Γฦͯ͠ߦ͏ɽ
1. zerosͱ onesͷఆٛΛల։ɽ
2. ؔ਺ allSʹΑΔ؆໿ɽ
3. ੑ࣭ stream_eqͷద༻ɽ
ones_succzeros_eq ͷূ໌͸ιʔείʔυ 2.2 ͷΑ͏ʹͳΔɽ͜ͷιʔείʔυ 2.2 ʹ͓
͍ͯ͸ɼ2 ߦ໨Ͱ cofix λΫςΟΫΛ༻͍͍ͯΔɽΑͬͯɼcofix λΫςΟΫ࣮ߦޙͷΰʔϧ
Λ ?Goal0ͱ͢Δͱɼ࣍ͷΑ͏ͳΰʔϧͱͳ͍ͬͯΔɽ
?Goal0 = Γ, ones_succzeros_eq: stream_eq ones (allS zeros)
⊢ stream_eq ones (allS zeros)
͜ͷͱ͖ʹ apply ones_succzeros_eqͱͯ͠͠·͏ͱɼແݶϧʔϓͷܗͷূ໌߲ͱͳΔͨ
ΊɼΨʔυ৚݅Λຬͨ͞ͳ͍ɽͦͷͨΊɼzerosͱ onesͷఆٛΛల։͠ɼallSʹΑΔ؆໿Λ
ߦ͍ɼੑ࣭ stream_eq Λద༻ͯ͠ɼones ͱ allS zeros ͷҰ෦෼͕ੑ࣭Λຬ͍ͨͯ͠Δ͜ͱ
Λূ໌͍ͯ͘͠ɽ
ਤ 2.4͸ ones_succzeros_eqͷূ໌Λূ໌໦ͱͯ͠දͨ͠΋ͷͰ͋Δɽ͜ͷΑ͏ʹɼ༨ؼೲ
తূ໌ͷূ໌໦͸ɼσʔλͷҰ෦෼͕ੑ࣭Λຬͨ͠ଓ͚Δ͜ͱΛূ໌͍ͯ͠ΔͨΊɼແݶʹଓ͘
Α͏ͳܗͱͳΔɽ͔͠͠ɼਤ 2.4Ͱ͸Ծఆ (࠷ॳͷ໋୊)ͱಉ͡ܕͷ໋୊͕Լ͔Β 3ߦ໨ʹݱΕ
͓ͯΓɼܕ͸ಉ͕ͩ͡ɼσʔλͷઌ಄ΛҰͭണ͕ͨ͠σʔλʹରͯ͠΋ੑ࣭ stream_eqΛຬͨ
͍ͯ͠Δ͜ͱͷূ໌ͱͳ͍ͬͯΔɽ͜͜Ͱ༨ؼೲ๏ͷԾఆΛ༻͍ΔͱɼͦͷઌͷσʔλͷҰ෦෼
͕ੑ࣭Λຬͨ͠ଓ͚͍ͯΔ͜ͱΛূ໌͢Δ͜ͱ͕Ͱ͖Δɽιʔείʔυ 2.2ͷ 7ߦ໨ͷλΫςΟ
ιʔείʔυ 2.2 ones_succzeros_eqͷূ໌
1 Lemma ones_succzeros_eq: stream_eq ones (allS zeros).
2 cofix ones_succzeros_eq.
3 rewrite <- (frob_eq ones).
4 rewrite <- (frob_eq (allS zeros )).
5 simpl.
6 apply SEqCons.
7 apply ones_succzeros_eq.
8 Qed.
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...
⊢ stream_eq ones (allS zeros)
⊢ stream_eq (Cons 1 ones) (Cons 1 (allS zeros))
⊢ stream_eq ones (allS zeros)
⊢ stream_eq (Cons 1 ones) (Cons 1 (allS zeros))
⊢ stream_eq ones (allS zeros)
ਤ 2.4 stream_eq ones (allS zeros)ͷূ໌໦
Ϋ apply ones_succzeros_eq͕ɼ༨ؼೲ๏ͷԾఆΛར༻͢Δ͜ͱΛද͍ͯ͠Δɽ
ιʔείʔυ 2.2ͷূ໌ɼਤ 2.4ͷূ໌໦ʹରԠ͢Δূ໌߲͸ਤ 2.5ͷΑ͏ͳ΋ͷͱͳΔɽ
ਤ 2.4ͷ 6ߦ໨ʹ͸ɼ༨࠶ؼݺग़͠ ones_succzeros_eq͕ݱΕΔɽ͜Ε͸ɼੑ ࣭ stream_eq
Λද͢ίϯετϥΫλ SEqConsͷҾ਺ͱͳ͓ͬͯΓɼσʔλ onesͱ allS zerosͷҰ෦෼͕
ੑ࣭ stream_eqΛຬͨ͠ଓ͚͍ͯΔ͜ͱΛද͍ͯ͠ΔɽΑͬͯɼূ໌߲͕ onesͷΑ͏ͳܗʹ
ͳ͓ͬͯΓɼΨʔυ৚݅Λຬ͍ͨͯ͠Δ͜ͱ͕Θ͔Δɽ͜ͷΑ͏ʹɼCoqͰ͸ແݶʹଓ͘ূ໌͸
ͦͷ··ѻ͑ͳ͍ͨΊɼ͜ͷΑ͏ͳ༨࠶ؼؔ਺Ͱදݱ͍ͯ͠Δɽ
1 cofix ones_succzeros_eq :=
2 eq_rec (frob ones)
3 (fun s => stream_eq s (allS zeros ))
4 (eq_rec (frob (allS zeros))
5 (fun s => stream_eq (frob ones) s)
6 (SEqCons 1 ones_succzeros_eq)
7 (allS zeros)
8 (frob_eq (allS zeros )))
9 ones (frob_eq ones)
ਤ 2.5 ones_zeros_eqͷূ໌߲
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3 Coqʹ͓͚ΔΨʔυ৚݅ͷݕࠪ
Coqʹ͓͚Δ༨ؼೲతূ໌ͷݕࠪ͸ߏจతͳݕࠪͰ͋Γɼূ໌߲ʹؚ·ΕΔ༨࠶ؼݺग़͠Λද
͢ม਺͕ɼରԠ͢ΔܕͷίϯετϥΫλʹΨʔυ͞Ε͍ͯΔܗ͔Ͳ͏͔Λݕࠪ͢Δ͜ͱͰ͋Δɽ
͜ͷݕࠪΛɼ༨ؼೲతূ໌ͷΨʔυ৚݅ͷݕࠪ (guardedness check)ͱݺͿɽূ໌߲Λݕࠪ
ͨ݁͠Ռɼಋೖ͞Εͨ༨࠶ؼݺग़͠Λද͢ม਺ؚ͕·Εͳ͍ɼ΋͘͠͸ಋೖͨ͠༨࠶ؼݺͼग़͠
ؚ͕·Ε͍ͯΔ͕ɼίϯετϥΫλʹΨʔυ͞Ε͍ͯΔܗͰ͋Ε͹Ψʔυ৚݅Λຬ͍ͨͯ͠Δɽ
3.1 ίϯετϥΫλʹΨʔυ͞Ε͍ͯΔܗ
ݱঢ়ͷ Coqʹ͓͚Δ༨ؼೲతূ໌ʹ͓͚ΔΨʔυ৚݅͸ [10, 11]͕جͱͳ͍ͬͯΔɽ͜ͷઅ
Ͱ͸·ͣ [10, 11]ʹج͍ͮͨɼίϯετϥΫλʹΨʔυ͞Ε͍ͯΔܗʹ͍ͭͯઆ໌͢Δɽ
ఆٛ 3.1.1ʢίϯετϥΫλͷҾ਺ʹؔ͢Δड़ޠ RP ͷఆٛʣ ༨ؼೲతͳܕ T ͷ i൪໨ͷίϯ
ετϥΫλΛ Ci x1 ... xn ͱ͢ΔɽCi ͷ j ൪໨ͷҾ਺ xj ͷܕ͕ T (༨࠶ؼݺͼग़͠) ͱͳΔͱ
͖ɼRPT (j, Ci)͸ਅͰ͋ΓɼͦΕҎ֎ͷͱ͖ RPT (j, Ci)͸ِͰ͋Δͱ͢Δɽ
ͨͱ͑͹ɼ࣍ͷ coindܕʹ͓͍ͯ͸ɼRPcoind (1, C1)ɼRPcoind (1, C2)ɼRPcoind (2, C2)͸
ਅͱͳΓɼRPcoind (2, C1)͸ِͱͳΔɽ
CoInductive coind: Type :=
| C1: coind -> nat -> coind
| C2: coind -> coind -> coind
| C3: coind.
ಉ༷ʹɼstreamܕʹ͍ͭͯ͸ɼRPstream(2, Cons)ͷΈ͕ਅͱͳΔɽҎԼɼड़ޠ RP ͷܕ T ͱ
Ҿ਺ (j, Ci)͕ඞཁͳ͍ͱ͖͸লུ͢Δɽ
RP ͸ɼূ໌ͷແݶϧʔϓΛ๷͙ͨΊʹଘࡏ͢Δɽͨͱ͑͹ɼCons ͷୈҰҾ਺͸ nat ܕ
Ͱ RPstream(1, Cons) ͸ِͳͨΊɼಋೖ͞Εͨ༨࠶ؼݺͼग़͠͸ؚ·Εͯ͸͍͚ͳ͍ɽୠ͠ɼ
streamܕͷ஋ͷઌ಄Λฦؔ͢਺ hd_streamΛ༻͍ͯɼ࣍ͷΑ͏ʹ badΛఆٛͯ͠΋ܕΤϥʔ
͸ൃੜ͠ͳ͍ɽ
1 let hd_stream := fun s => match s with Cons h t => h end in
2 cofix bad: stream := Cons (hd_stream bad) bad
͔͠͠ɼhd_stream badΛ؆໿͠Α͏ͱ͢ΔͱɼmatchࣜʹΑΔύλʔϯϚονͱͳΔɽ͜
ͷ৔߹ɼbadͷύλʔϯϚονΛ badͷఆٛதʹߦͬͯ͠·͍ɼແݶϧʔϓͷܗʹͳͬͯ͠·͏
ͨΊʹਖ਼͘͠ͳ͍ূ໌ͱͳΔɽ
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͜ͷΑ͏ʹίϯετϥΫλͷҾ਺ͷ͏ͪɼ༨࠶ؼݺͼग़͠ͱಉ͡ܕͱ͸ͳΒͳ͍ (ͭ·Γ RP
Λຬͨ͞ͳ͍)Ҿ਺Ͱ͸ɼ༨ؼೲతʹఆٛ͞Εͨσʔλ΍ূ໌͔Β஋ΛऔΓग़͢͜ͱͱͳΓɼͦ
ͷͨΊʹ͸ύλʔϯϚον͕ඞཁͰ͋ΔͨΊɼແݶϧʔϓͷΑ͏ͳܗͷূ໌߲ͱͳͬͯ͠·͏ɽ
͜ͷΑ͏ͳ৔߹Λݕग़ͯ͠Τϥʔͱ͢ΔͨΊɼड़ޠ RP ͕ඞཁͱͳΔɽ
͜ͷ RP Λ༻͍ͯɼίϯετϥΫλʹΨʔυ͞Ε͍ͯΔܗͷূ໌߲͸࣍ͷΑ͏ʹఆٛͰ͖Δɽ
ఆٛ 3.1.2ʢίϯετϥΫλʹΨʔυ͞Ε͍ͯΔܗͷূ໌߲ʣ M Λূ໌߲ɼf Λ༨࠶ؼݺͼग़
͠Λද͢ม਺ͱ͢ΔɽM ͕༨࠶ؼݺͼग़͠ f ʹ͍ͭͯɼίϯετϥΫλʹΨʔυ͞Ε͍ͯΔ͜
ͱΛද͢ड़ޠ Gh(f,M)͸M ͷܗʹΑͬͯ࣍ͷΑ͏ʹఆٛ͞ΕΔɽ͜͜Ͱɼh = out ͷͱ͖͸
M ͕ίϯετϥΫλͷ֎ɼh = in ͷͱ͖͸M ͕ίϯετϥΫλͷதͱ͍͏͜ͱΛද͢ɽ
− M = fun x : τ ⇒ N (ؔ਺)ͷͱ͖͸ɼؔ਺ͷҾ਺ xͷܕ τ ʹ f ؚ͕·Εͳ͍ɽ͔ͭɼ
Gh(f,N)Λຬͨ͢ɽ
− M = match x : τ return Q with C1 t11 ... t1j1 ⇒ t1 | ... | Ci ti1 ... tijk ⇒ ti end (ύ
λʔϯϚον)ͷͱ͖͸ɼύλʔϯϚονͷର৅ xͱͦͷܕ τɼฦΓ஋ͷܕ Qʹ f ؚ͕·
Εͳ͍ɽ͔ͭɼ∀y ∈ {1 . . . i}ʹ͍ͭͯɼGh(f, fun ty1 ... tyjk ⇒ ty)Λຬͨ͢ɽ
− M = Ci x1 ... xj (ίϯετϥΫλ) ͷͱ͖͸ɼRP(k, Ci) Λຬͨ͢Ҿ਺ xk ʹ͍ͭͯ͸
Gin(f, xk)Λຬͨ͢ɽ͔ͭɼRP(k, Ci)Λຬͨ͞ͳ͍Ҿ਺ʹ f ؚ͕·Εͳ͍ɽ
− M = f x1 ... xj (༨࠶ؼݺͼग़͠΁ͷద༻)ͷͱ͖͸ɼh = in ͔ͭ ∀i ∈ {1 . . . j}ʹ͍ͭ
ͯɼxi ʹ f ؚ͕·Εͳ͍ɽ
− M ͕ଞͷܗͷͱ͖͸ɼh = in ͔ͭ f ͕M ʹؚ·Εͳ͍ɽ
ͳ͓ɼ͜͜Ͱ Gh(f,M)Λຬͨ͞ͳ͍Α͏ͳূ໌߲͸ɼແݶϧʔϓͱͳͬͯ͠·͏Α͏ͳ৔߹Ͱ
͋Δɽ
3.2 ݱঢ়ͷΨʔυ৚݅ͷݕࠪ
Coq ʹ͓͚Δ༨ؼೲతূ໌ͷΨʔυ৚݅ͷݕࠪ͸ɼূ໌ऴྃ࣌ʹ࣍ͷΑ͏ͳखॱͰߦΘΕͯ
͍Δɽ
1. ূ໌தʹੜ੒͞Εͨଘࡏม਺ͱɼͦΕʹඥ෇͍ͨ෦෼ূ໌߲͔Βূ໌߲Λߏங͢Δɽ
2. ূ໌߲͔Β༨࠶ؼݺͼग़͠ f ͷಋೖ෦෼ (cofix)Λ୳͢ɽ
3. cofix͕ݟ͔ͭͬͨΒ f Λ؀ڥʹՃ͑ͨޙɼಋೖ͞Εͨ༨࠶ؼݺͼग़͠ f ʹ͍ͭͯͦΕ
ҎԼͷূ໌߲Λݕࠪ͠ɼΨʔυ৚݅Λຬͨ͢ܗ͔Λݕࠪ͢Δɽ·ͨɼݕࠪதʹ৽͍͠༨࠶
ؼݺͼग़͠ f ′ ͕ಋೖ͞ΕͨΒɼf ′ ʹ͍ͭͯͦΕҎԼͷূ໌߲Λݕࠪ͢Δɽ
ͦͷͨΊɼݱঢ়ͷ Coqʹ͓͍ͯ͸ɼূ໌ʹؚ·ΕΔ cofixͷ਺͚ͩΨʔυ৚݅ͷݕ͕ࠪߦΘΕ
͍ͯΔɽ
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༨࠶ؼݺͼग़͠ f ͕Ψʔυ৚݅Λຬ͍ͨͯ͠Δ͔Λݕࠪ͢Δؔ਺ check_one_cofix ͷٖࣅ
ίʔυΛΞϧΰϦζϜ 1ʹࣔ͢ɽͳ͓ɼ͜Ε͸ [10, 11]ʹج͍ͮͨఆٛ 3.1.1ͱఆٛ 3.1.2Λج
ʹͨ͠΋ͷͰ͋Γɼඪ४ͷ CoqͷݕࠪͰ༻͍ΒΕ͍ͯΔΞϧΰϦζϜͰ͋Δɽ͜͜Ͱɼn ͸༨
࠶ؼݺͼग़͠ f Λද͢ de Bruijn indexͰ͋Δɽ·ͨɼwhd_all͸ূ໌߲ͷऑ಄෦ਖ਼نܗΛٻΊ
Δؔ਺ɼdecompose_app͸ద༻ͷܗͷ߲Λؔ਺ͱҾ਺ʹ෼ׂ͢Δؔ਺ɼnoccur͸Ҿ਺ͷϦετ
ʹؚ·ΕΔূ໌߲શͯʹ͍ͭͯɼ༨࠶ؼݺͼग़ؚ͕͠·Εͳ͍ͱ͖͸ਅɼͦ͏Ͱͳ͍ͱ͖͸ِΛ
ฦؔ͢਺ͱ͢Δɽ
ΞϧΰϦζϜ 1 ༨࠶ؼݺͼग़͠ f ʹؔ͢ΔΨʔυ৚݅ͷݕࠪ
ೖྗ: f Λද͢ de Bruijn index nɼਅِ஋ isgrdɼূ໌߲M
ग़ྗ: M ͕ f ʹ͍ͭͯΨʔυ৚݅Λຬ͍ͨͯ͠Δ৔߹͸ trueɼຬ͍ͨͯ͠ͳ͍৔߹͸ false
function check_one_cofix n isgrd M =
if noccur f [M] then return true (f ؚ͕·ΕΔ͔)
else
g, args = decompose_app (whd_all M)
switch (g) (g ͷܗʹ͍ͭͯ৔߹෼͚)
case f : return (isgrd ∧ noccur f args) (ݕࠪର৅ͷ༨࠶ؼݺͼग़͠)
case Ci :ɹ (ίϯετϥΫλ)
return
∧
∀x∈ args
{if x is RP then check_one_cofix n true x else noccur f x}
case (fun x : τ ⇒ N) : (ؔ਺)
return (noccur f [τ] ∧ check_one_cofix (n+1) isgrd N)
case (cofix f1 : τ1 := N1 with ... cofix fi : τi := Ni for fj) : (༨࠶ؼؔ਺)
return
(noccur f (τ1 :: ... :: τi :: args) ∧
∧
∀h∈ {1...i}
{check_one_cofix (n+i) isgrd Nh})
case (match x : τ return Q with C1 t11 ... t1j1 ⇒ t1 | ... | Ci ti1 ... tijk ⇒ ti end) :
(ύλʔϯϚον)
return (noccur f (x :: τ :: Q :: args) ∧∧
∀h∈ {1...i}
{check_one_cofix n isgrd (fun th1 ... thjk ⇒ th)})
case ?x : return
∧
∀y ∈ args
check_one_cofix n isgrd y (ଘࡏม਺)
default : return false
ݱঢ়ͷΨʔυ৚݅ͷݕࠪʹ͓͍ͯɼ༨࠶ؼݺͼग़͠ f ͕ಋೖ͞Εͨ࣌఺Ͱ͸ f ͷ de Bruijn
index͸ 1ͱͳΔͨΊɼcofixҎԼͷূ໌߲M ʹ͍ͭͯ check_one_cofixΛݺͼग़ͯ͠ݕࠪ
Λߦ͏ࡍ͸ɼඞͣ n = 1Ͱݺͼग़͞ΕΔɽ
ݕࠪͷ࠷ॳ͸ɼ·ͣূ໌߲M ʹ༨࠶ؼݺͼग़͠ f ؚ͕·ΕΔ͔Ͳ͏͔Λௐ΂Δɽ΋͠ f ؚ͕
·Εͳ͚Ε͹ɼΨʔυ৚݅Λຬ͍ͨͯ͠Δɽf ؚ͕·ΕΔ৔߹͸ Gh(f,M)Λຬ͔ͨ͢ɼͭ·Γ
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f ͕ಉ͡ܕͷίϯετϥΫλʹ͓͚ΔɼRP Λຬͨ͢Ҿ਺ʹͷΈݱΕΔ͔Ͳ͏͔Λݕࠪ͢Δɽ͜
ͷ৔߹͸࣍ʹ whd_allؔ਺Ͱূ໌߲ͷऑ಄෦ਖ਼نܗΛٻΊɼͦͷؔ਺෦෼ͷܗʹΑͬͯ৔߹෼
͚Λߦ͏ɽ
ؔ਺෦෼͕༨࠶ؼݺͼग़͠ f ͷͱ͖͸ɼ·ͣ isgrd ͕ true͔Ͳ͏͔ɼͭ·ΓίϯετϥΫλ
ͷ RP Λຬͨ͢Ҿ਺Ͱ͋Δ͔Λ֬ೝ͢Δɽ͔ͭɼશͯͷҾ਺ args ʹ͍ͭͯ૸ࠪ͠ɼf ΛؚΜͰ
͍ͳ͍͜ͱΛ֬ೝ͢Δɽ͜Ε͸༨࠶ؼݺͼग़͕͠ωετͨ͠ূ໌߲ͱͳ͍ͬͯͳ͍͔Λݕࠪ͢Δ
΋ͷͰ͋Δɽ
ؔ਺෦෼͕ίϯετϥΫλ Ci ͷͱ͖͸ɼͦͷҾ਺ args ͷ͏ͪɼRP Λຬͨ͢Ҿ਺ xk ʹ͍ͭ
ͯ͸ίϯετϥΫλͷ RP Λຬͨ͢Ҿ਺Ͱ͋Δͱ͍͏৘ใ isgrd Λߋ৽͠ɼ࠶ؼతʹ xk Λݕࠪ
͢Δɽ͔ͭɼRP Λຬͨ͞ͳ͍Ҿ਺ xk ʹ͍ͭͯ͸ɼxk Λ૸ࠪͯ͠ f ΛؚΜͰ͍ͳ͍͜ͱΛ֬ೝ
͢Δɽ
ؔ਺෦෼͕ؔ਺ͷͱ͖͸ɼҾ਺ͷܕ τ ʹ f ؚ͕·Εͳ͍͔Λ͔֬Ίɼ؀ڥʹ x : τ ΛՃ͑ͨޙ
ʹຊମ෦෼ N ʹ͍ͭͯ࠶ؼతʹݕࠪ͢Δɽͳ͓ɼx͕ಋೖ͞Ε͍ͯΔͨΊɼde Bruijn indexΛ
ΠϯΫϦϝϯτ͍ͯ͠Δɽ·ͨɼwhd_all ؔ਺Ͱऑ಄෦ਖ਼نܗΛٻΊͨޙʹ࢒͍ͬͯΔؔ਺ͷ
ܗ͸ɼඞͣҾ਺͕ۭͱͳ͍ͬͯΔͨΊɼҾ਺ͷݕࠪΛߦ͏ඞཁ͸ͳ͍ɽ
ؔ਺෦෼͕༨࠶ؼݺͼग़͠ͷಋೖͷͱ͖͸ɼಋೖ͞ΕΔ༨࠶ؼݺͼग़͠ͷܕશͯ τ ͓Αͼશ
ͯͷҾ਺ args ʹ͍ͭͯ f ؚ͕·Ε͍ͯͳ͍͜ͱΛ֬ೝ͠ɼ؀ڥʹશͯͷ༨࠶ؼݺͼग़͠ͷಋೖ
f ′ : τ ′ ΛՃ͑ͨޙɼશͯͷ N ′ ʹ͍ͭͯ࠶ؼతʹݕࠪ͢Δɽͳ͓ɼj ݸͷม਺͕ಋೖ͞Ε͍ͯΔ
ͨΊɼؔ਺ͷ৔߹ͱಉ༷ʹ de Bruijn indexΛͣΒ͢ɽ·ͨɼ͜ͷ࣌఺Ͱ͸ f ʹ͍ͭͯͷݕࠪͷ
ͨΊɼ৽͍͠༨࠶ؼݺͼग़͠ f ′ ʹ͍ͭͯͷݕࠪ͸ߦ͍ͬͯͳ͍ɽ
ؔ਺෦෼͕ύλʔϯϚονͷͱ͖͸ɼxͱ τɼQʹ f ؚ͕·Εͳ͍͜ͱΛ֬ೝ͢Δɽ͔ͭɼશ
ͯͷ৔߹ Ci t11 . . . tij1 ⇒ t1 ʹ͍ͭͯ࠶ؼతʹݕࠪΛߦ͏ɽͳ͓ɼؔ਺ͷܗʹͳΔͨΊɼCi Λ
funʹஔ͖׵͑ͯ࠶ؼతʹݕࠪΛ͍ͯ͠Δɽ
ؔ਺෦෼͕ଘࡏม਺ͷͱ͖͸ɼ୯ʹͦͷҾ਺ʹ͍ͭͯ࠶ؼతʹݕࠪΛߦ͏ɽͳ͓ɼ?xʹඥͮ
͍͍ͯΔ෦෼ূ໌߲͕͋ͬͨΒஔ׵͞Ε͍ͯΔͨΊɼ·ͩ෦෼ূ໌߲͕ඥ͍͍ͮͯͳ͍ଘࡏม਺
Λද͢ɽΑͬͯɼ?xͷͱ͖ͷݕࠪ͸ɼޙड़ͷ GuardedίϚϯυͰূ໌్தʹݕࠪΛߦ͏৔߹ʹ
ͷΈඞཁͱͳΔɽҎ߱ɼ෦෼ূ໌߲͕ඥ͍͍ͮͯͳ͍ଘࡏม਺ͷ͜ͱΛۭͳଘࡏม਺ɼ·ͨ͸ଘ
ࡏม਺͕ۭͰ͋ΔͱݺͿ͜ͱͱ͢Δɽ
3.3 Ψʔυ৚݅ͷݕࠪྫ
͜͜Ͱ͸ n ͔Β࢝·Δࣗવ਺ͷແݶϦετΛฦؔ͢਺ from Λ࣍ͷΑ͏ͳূ໌߲ͱͯ͠ఆٛ
͠ɼݕࠪ͢ΔྫΛࣔ͢ɽ͜͜Ͱɼmap͸ streamܕͷશͯͷཁૉʹؔ਺Λద༻͢Δؔ਺Ͱ͋Δɽ
cofix map f (Cons h t) := Cons (f h) (map f t)
cofix from n: stream := Cons n (map S (from n))
(* from 0 = [0, 1, 2, ...] *)
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·ͣɼfromͷূ໌߲͔Β cofixΛ୳͢ͱɼূ໌߲ͷҰ൪֎ʹ͋ΔͨΊɼͦͷఆٛ෦෼ʹ͍ͭ
ͯݕࠪΛߦ͏ɽ
࣍ʹɼfromͷఆٛ෦෼ͷҰ൪֎ଆ͸ streamܕͷίϯετϥΫλ ConsͰ͋ΔͨΊɼwhd_all
ؔ਺Λ༻͍ͯऑ಄෦ਖ਼نܗΛٻΊͯ΋ܗ͸มΘΒͳ͍ɽΑͬͯؔ਺෦෼͸ίϯετϥΫλ Cons
Ͱ͋ΓɼͦͷҾ਺ʹ͍ͭͯݕࠪΛߦ͏ɽ
Cons͸ୈҰҾ਺ʹ͍ͭͯ͸ RP Λຬͨͣ͞ɼୈೋҾ਺͸ RP Λຬͨ͢ɽΑͬͯୈҰҾ਺ nʹ
͍ͭͯ༨࠶ؼݺͼग़͠ fromؚ͕·Εͳ͍͔ͷݕࠪΛߦ͏ɽ͜ͷ n͸ fromͷఆٛͷҾ਺Ͱ͋Γɼ
fromؚ͕·Εͳ͍ͨΊ true͕ݕࠪ݁Ռͱͯ͠ฦ͞ΕΔɽΑͬͯɼୈҰҾ਺͸Ψʔυ৚݅Λຬ
͍ͨͯ͠Δ͜ͱ͕֬ೝͰ͖ͨɽ
࣍ʹୈೋҾ਺ map S (from n)ʹ͍ͭͯɼisgrd Λ trueͱͯ͠ɼ࠶ؼతʹݕࠪΛߦ͏ɽmap
S (from n) ͸ؔ਺ద༻ͷܗͷͨΊɼ·ͣ͸ऑ಄෦ਖ਼نܗΛٻΊΔɽ͔͠͠ map ؔ਺ͷఆٛΑ
Γɼfrom nΛ Cons h tͷܗʹύλʔϯϚονͰ͖ͣɼ؆໿͸ߦ͑ͳ͍ɽΑͬͯطʹऑ಄෦ਖ਼
نܗͱͳ͍ͬͯΔɽ͜͜Ͱؔ਺෦෼͸ mapͱͳΔ͕ɼcofixͰఆٛ͞Ε͍ͯΔͨΊɼ༨࠶ؼؔ਺
ͷ৔߹ͷݕࠪͱͳΔɽ͜͜Ͱɼmapؔ਺ͷܕʹ༨࠶ؼݺͼग़͠ from͸ؚ·Εͳ͍͕ɼmapؔ਺
ͷҾ਺ from nʹ༨࠶ؼݺͼग़͠ fromؚ͕·ΕΔɽΑͬͯɼ͜͜Ͱ͸ false͕ฦ͞ΕΔɽैͬ
ͯɼূ໌߲શମͱͯ͠Ψʔυ৚݅Λຬ͍ͨͯ͠ͳ͍͜ͱ͕ݕࠪ͞Εͨɽ
ͨͩ͠ɼn͔Β࢝·Δࣗવ਺ͷແݶϦετΛฦؔ͢਺͸ɼ࣍ͷ from’ͷΑ͏ͳূ໌߲ͱͯ͠ఆ
ٛ͢Δ͜ͱ΋ՄೳͰ͋Δɽ
cofix from ’ n: stream := Cons n (from ’ (S n))
͜ͷূ໌߲ʹ͍ͭͯݕࠪΛߦ͏ͱɼઌఔͷ map ؔ਺ͷ෦෼͕ from’ (S n) ͱͳ͓ͬͯΓɼ
ConsͷୈೋҾ਺͕༨࠶ؼݺग़͠ from’ (S n)ͱͳΔɽͦͷͨΊɼfrom’ͷఆٛ͸Ψʔυ৚݅
Λຬ͍ͨͯ͠Δ͜ͱ͕ݕࠪ͞ΕΔɽ
CoqͰ͸ߏจతʹΨʔυ৚݅ͷݕࠪΛߦ͏ͨΊɼ͜ͷΑ͏ʹಉ͡ৼΔ෣͍Λ͢Δؔ਺Ͱ΋ఆٛ
ͷ࢓ํʹΑͬͯΨʔυ৚݅Λຬ͔ͨ͢൱͔͸ҟͳΔɽ
·ͨɼ࣍ͷΑ͏ʹҰͭͷূ໌߲ͷதͰෳ਺ͷ༨࠶ؼݺͼग़͕͠ಋೖ͞ΕΔΑ͏ͳূ໌߲΋ Coq
Ͱ͸ఆٛͰ͖Δɽ
1 cofix ones’: stream :=
2 let cofix zeros’: stream := Cons 0 zeros ’ in
3 Cons (S 0) (allS zeros’)
͜ͷূ໌߲ʹ͍ͭͯͷݕࠪΛߦ͏ͱɼ·ͣ cofixΛ୳͢ɽ͢Δͱɼূ໌߲ͷ 1ߦ໨ʹ༨࠶ؼ
ݺͼग़͠ ones’ ͷಋೖ͕ݟ͔ͭΔͨΊɼones’ ʹ͍ͭͯ 2 ߦ໨ҎԼͷূ໌߲͕Ψʔυ৚݅Λ
ຬ͍ͨͯ͠Δ͔Λݕࠪ͢Δɽͨͩ͠ cofix ͷ૸ࠪ͸ଓߦ͢ΔͨΊɼ2 ߦ໨ͷہॴఆٛͰ cofix
ʹΑΔ༨࠶ؼݺͼग़͠ zeros’ͷಋೖ͕ݟ͔ͭΔɽΑͬͯ zeros’ʹ͍ͭͯɼఆٛ෦෼ Cons 0
zeros’͕Ψʔυ৚݅Λຬ͍ͨͯ͠Δ͔Λݕࠪ͢ΔɽΑͬͯɼূ ໌߲ͷ͏ͪ let cofix zeros’:
stream := Cons 0 zeros’ͷ෦෼ʹ͍ͭͯ͸ɼ2ճ૸͍ࠪͯ͠Δ͜ͱͱͳΔɽ
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3.4 GuardedίϚϯυ
ݱঢ়ͷ Coq ʹ͓͚Δ༨ؼೲతূ໌ͷΨʔυ৚݅ͷݕࠪ͸௨ৗɼূ໌ͷ࠷ޙʹͷΈߦΘΕΔɽ
ͦͷͨΊɼূ໌ͷ࠷ॳͷํͰΨʔυ৚݅Λຬͨ͞ͳ͘ͳͬͯ͠·͕ͬͨϢʔβ͸ͦΕʹؾ͔ͮ
ͣɼ࠷ޙ·Ͱূ໌ΛਐΊ͔ͯΒΨʔυ৚݅Λຬ͍ͨͯ͠ͳ͍͜ͱ͕ݕࠪ͞Εɼূ໌ʹࣦഊͯ͠͠
·͏͜ͱ͕͋Δɽͦ͜Ͱ CoqͰ͸ɼূ໌్தʹΨʔυ৚݅ͷݕࠪΛߦ͏ GuardedίϚϯυ͕༻
ҙ͞Ε͓ͯΓɼͦͷ࣌఺·Ͱͷ෦෼తͳূ໌ʹ͍ͭͯΨʔυ৚݅ͷݕࠪΛߦ͏͜ͱ͕Ͱ͖Δɽͨ
ͩ͠ɼ͋͘·Ͱ΋ͦͷ࣌఺·Ͱͷ෦෼తͳূ໌߲͕Ψʔυ৚݅Λຬ͍ͨͯ͠Δ͔Ͳ͏͔Λݕࠪ͢
ΔͨΊɼ࠷ऴతͳݕࠪ݁Ռͱ͸ҟͳΔՄೳੑ͕͋Δɽ
ͨͱ͑͹ɼ࣍ͷΑ͏ͳఆٛͷ్தͰΨʔυ৚݅Λݕࠪ͢Δ͜ͱΛߟ͑Δɽ͜ͷΑ͏ͳ৔߹ʹ͸
GuardedίϚϯυΛ༻͍ͯݕࠪΛߦ͏͜ͱ͕Ͱ͖Δɽ
1 Definition from_guarded (n: nat): stream.
2 cofix from_guarded.
3 refine (_ n (from_guarded (S n))).
4 Guarded.
5 apply Cons.
6 Defined.
͜͜ͰɼDefinition͸ Coqʹ͓͍ͯఆٛΛߦ͏ίϚϯυͰ͋Γɼ͜ͷΑ͏ʹλΫςΟΫΛ
༻͍ͯఆٛ͢Δ৔߹͸ఆٛͷ໊લͱܕ͚ͩΛࢦఆ͠ɼূ໌߲ͷߏங͕ऴΘͬͨࡍ͸ Definedί
ϚϯυͰΨʔυ৚݅ͷݕ͓ࠪΑͼܕݕࠪΛߦ͍ɼఆٛΛ׬ྃͤ͞Δɽ·ͨɼrefineλΫςΟΫ
͸ূ໌߲Λ௚઀༩͑ΔλΫςΟΫͰ͋ΔɽrefineλΫςΟΫΛ༻͍Δͱɼ _ͱۭͯ͠ͳଘࡏม
਺Λ໌ࣔతʹಋೖͰ͖ΔͨΊɼ3ߦ໨ͷΑ͏ʹҾ਺ͷূ໌߲Λઌʹߏங͠ɼؔ਺෦෼ʹ͍ͭͯ͸
ޙͰߏங͢Δͱ͍ͬͨ͜ͱ͕ՄೳͱͳΔɽ
GuardedίϚϯυ͸ɼ͜ͷΑ͏ʹͯ͠λΫςΟΫྻͷதͰ༻͍Δ͜ͱ͕Ͱ͖Δɽ͜ͷ৔߹͸ 3
ߦ໨·ͰͷίϚϯυ͓ΑͼλΫςΟΫͰߏங͞Εͨূ໌߲ʹ͍ͭͯɼΨʔυ৚݅ͷݕࠪΛߦ͏ɽ
4ߦ໨ͷ GuardedίϚϯυ࣮ߦ࣌·Ͱʹߏங͞Ε͍ͯΔূ໌߲͸࣍ͷΑ͏ʹͳΔɽ
cofix from_guarded n := ?Goal n (from_guarded (S n))
͜ͷূ໌߲ʹ͍ͭͯݕࠪΛߦ͏ͱɼূ ໌߲શମʹ͸༨࠶ؼݺͼग़͠ from_guardedؚ͕·Εͯ
͍ΔͷͰɼऑ಄෦ਖ਼نܗΛٻΊΔɽͨͩ͠ɼ͜ͷ৔߹͸ূ໌߲ͷઌ಄͕ۭͳଘࡏม਺ ?Goalͷͨ
Ίɼطʹऑ಄෦ਖ਼نܗͰ͋Γɼଘࡏม਺ͷ৔߹ͷݕࠪͱͳΔɽΑͬͯͦͷҾ਺ nͱ from_guarded
(S n)ʹ͍ͭͯ࠶ؼతʹݕࠪΛߦ͏͕ɼୈೋҾ਺ from_guarded (S n)͕ίϯετϥΫλͷҾ
਺Ͱͳ͘ɼ·ͨ༨࠶ؼݺͼग़͠ from_guardedΛؚΜͰ͍ΔͨΊɼΨʔυ৚݅Λຬͨ͞ͳ͍͜ͱ
͕ݕࠪ͞ΕΔɽ
ͨͩɼ͜ͷ৔߹͸ 5ߦ໨ͷ apply ConsʹΑͬͯɼۭͳଘࡏม਺ ?Goalʹ Cons͕ඥ෇͚ΒΕ
ΔͱΨʔυ৚݅Λຬ͍ͨͯ͠Δ͜ͱ͕ݕࠪ͞ΕΔɽ͜ͷΑ͏ʹɼূ໌߲ʹଘࡏม਺͕࢒͍ͬͯΔ
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৔߹͸࠷ऴతͳݕࠪ݁ՌͱҟͳΔ͜ͱ͕͋Δɽ
·ͨɼGuardedίϚϯυΛ࣮ߦ͢Δͱূ໌ͷ࠷ޙͷݕࠪͱಉ༷ʹɼͦΕ·Ͱͷ෦෼ূ໌߲ͷू
·Γ͔Βূ໌߲Λߏஙͯ͠Ψʔυ৚݅ͷݕࠪΛߦ͏ɽΑͬͯɼಉ͡ূ໌ͷதͰԿճ΋ Guarded
ίϚϯυΛ࣮ߦ͢ΔͱɼԿճ΋ಉ͡ূ໌߲Λߏங͔ͯ͠Βಉ͡෦෼ͷݕࠪΛߦ͏ͨΊɼޮ཰͕
ѱ͍ɽ
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4 Ψʔυ৚݅ͷ઴ਐతݕࠪ
3ষͰड़΂ͨΑ͏ʹɼඪ४ͷ Coqʹ͓͚Δূ໌ऴྃ࣌ͷݕࠪͰ͸ɼ్தͰΨʔυ৚݅Λຬͨ͞
ͳ͘ͳͬͯ͠·ͬͯ΋ɼຬͨ͞ͳ͘ͳͬͨ࣌఺ͰϢʔβ͕ͦΕʹؾͮ͘͜ͱ͕Ͱ͖ͳ͍ɽ·ͨɼ
֬ೝͷͨΊʹຖճ GuardedίϚϯυΛ࣮ߦ͢Δͱɼຖճଘࡏม਺ʹඥ෇͍͍ͯΔ෦෼ূ໌߲͔
Βূ໌߲Λߏஙͯ͠ݕࠪΛߦ͏ͨΊɼূ໌߲ͷಉ͡෦෼ΛԿ౓΋ݕࠪͯ͠͠·ͬͨΓɼԿ౓΋ಉ
͡ূ໌߲Λߏஙͯ͠͠·͏ͨΊʹޮ཰͕ѱ͍ɽ
͜ͷΑ͏ͳ໰୊఺Λղܾ͢ΔͨΊɼ༨ؼೲతূ໌ͷΨʔυ৚݅ͷݕࠪΛগͣͭ͠ߦ͏઴ਐతݕ
ࠪΛఏҊ͢Δɽ
4.1 ઴ਐతݕࠪͷྲྀΕ
ຊݚڀͰఏҊ͢Δɼ༨ؼೲతূ໌ͷΨʔυ৚݅ͷ઴ਐతݕࠪͷྲྀΕ͸࣍ͷΑ͏ʹͳΔɽ
1. λΫςΟΫ࣮ߦຖʹɼ৽͘͠ଘࡏม਺ʹඥ෇͚ΒΕͨ෦෼ূ໌߲ͱݕࠪ৘ใΛऔಘ͢Δɽ
2. औಘͨ͠෦෼ূ໌߲ͱݕࠪ৘ใ͔ΒɼΨʔυ৚݅Λຬ͔ͨ͢Λݕࠪ͢Δɽ
• ෦෼ূ໌߲Λ૸ࠪͭͭ͠ݕࠪ৘ใΛߋ৽͢Δɽ
• Ψʔυ৚݅Λຬͨ͢Մೳੑ͕ແ͘ͳͬͨΒΤϥʔΛग़͢ɽ
• ۭͰͳ͍ଘࡏม਺͕ݱΕͨΒɼ෦෼ূ໌߲Λऔಘͯ͠ݕࠪΛଓߦ͢Δɽ
• ۭͳଘࡏม਺͕ݱΕͨΒɼͦͷ࣌఺·Ͱͷݕࠪ৘ใΛඥ෇͚ͯอ͓࣋ͯ͘͠ɽ
3. ෦෼ূ໌߲શମ͕Ψʔυ৚݅Λຬ͍ͨͯͨ͠Βɼ઴ਐతݕࠪΛऴྃͯ࣍͠ͷλΫςΟΫͷ
࣮ߦΛ଴ͭɽ
GuardedίϚϯυͷݕࠪͰ͸༨࠶ؼݺͼग़͠ f ͕ίϯετϥΫλͷҾ਺ʹͳ͍ͬͯͳ͚Ε͹
Ψʔυ৚݅Λຬͨͣ͞ΤϥʔͱͳΔ͕ɼ઴ਐతݕࠪͰ͸ͦͷ࣌఺Ͱ f ͕ίϯετϥΫλͷҾ਺ʹ
ͳ͍ͬͯͳ͘ͱ΋ɼޙͰҾ਺ʹͳΔՄೳੑ͕͋Ε͹Τϥʔͱ͠ͳ͍ɽͨͱ͑͹ɼ3.4અͷྫʹ͓
͍ͯ͸ɼۭͰ͋Δଘࡏม਺ ?GoalʹͲͷΑ͏ͳ߲͕ඥ͔ͮ͘Θ͔Βͳ͍ͨΊɼͦͷ࣌఺ͷ઴ਐత
ݕࠪͰ͸Τϥʔͱͤͣɼ?Goalʹ߲͕ඥ෇͚ΒΕ͔ͯΒݕࠪΛߦ͏ɽͨͩ͠ɼ͜ͷΑ͏ͳ৔߹ʹ
͸ܯࠂΛग़ͯ͠Ϣʔβʹ஌ΒͤΔ͜ͱͱ͢Δɽ
4.2 อ࣋͢Δݕࠪ৘ใ
ଘࡏม਺ʹඥ෇͍ͨ෦෼ূ໌߲ʹ͍ͭͯݕࠪ͢Δࡍɼ࣍ͷΑ͏ͳݕࠪ৘ใΛूΊͭͭݕࠪΛߦ
͏ɽ·ͨɼۭͳଘࡏม਺͕ݱΕͨΒ͜ͷݕࠪ৘ใΛඥ෇͚ͯอ͓࣋ͯ͘͠ɽ
18
• ಋೖ͞Ε͍ͯΔہॴఆٛͳͲͷม਺ʹؔ͢Δ؀ڥ (env)ɽ
• ίϯετϥΫλͷ RP Λຬ͍ͨͯ͠Δ༨࠶ؼݺͼग़͠ (is_RP)ɽ
• ಋೖ͞Ε͍ͯΔ༨࠶ؼݺͼग़͠ (cofix_list)ɽ
• ݱΕͯ͸͍͚ͳ͍༨࠶ؼݺͼग़͠Λද͢ม਺ (ng_list)ɽ
• ࣍ʹݕࠪ͢Δ߲ (next_term)ɽ
৘ใ is_RP ͸ɼͦͷ࣌఺Ͱ RP Λຬ͍ͨͯ͠Δ༨࠶ؼݺͼग़͠શͯΛؚΉϦετͰ͋Γɼ
RP Λຬ͍ͨͯ͠Δ͔ͷݕࠪʹ༻͍Δɽ
৘ใ cofix_list ͸ɼ෦෼ূ໌߲ʹݱΕΔม਺͕༨࠶ؼݺͼग़͠Λද͔͢Λ൑ఆ͢ΔͨΊʹඞཁ
Ͱ͋Γɼม਺໊ͱܕɼ·ͨͦͷܕʹ͓͚Δ RP ͷ৘ใΛอ͓࣋ͯ͘͠ɽ
৘ใ ng_list ͸ɼωετͨ͠༨࠶ؼݺͼग़͠ʹͳ͍ͬͯͳ͍͔ɼ·ͨܕͳͲʹಛఆͷ༨࠶ؼݺ
ͼग़ؚ͕͠·Εͳ͍͔Λݕࠪ͢ΔͨΊʹඞཁͱͳΓɼݱΕͯ͸͍͚ͳ͍ม਺໊Λอ͓࣋ͯ͘͠ɽ
৘ใ next_term ͸ɼؔ਺ద༻ͷؔ਺·ͨ͸Ҿ਺ʹۭͳଘࡏม਺ؚ͕·Ε͓ͯΓɼ׬શʹ؆໿
Ͱ͖ͳ͍ͱ͖ʹඞཁͱͳΔɽ͜ͷ৘ใ͕อ࣋͞Ε͍ͯΔͱ͖͸ɼଘࡏม਺ʹඥ෇͍ͨ෦෼ূ໌߲
Λݕࠪ͢ΔͷͰ͸ͳ͘ɼ͜ͷ next_term Λݕࠪ͢Δɽ
4.3 Ψʔυ৚݅ͷ઴ਐతݕࠪΞϧΰϦζϜ
ຊݚڀͰఏҊ͢ΔΨʔυ৚݅ͷ઴ਐతݕࠪͷΞϧΰϦζϜΛɼΞϧΰϦζϜ 2ɼΞϧΰϦζϜ
3ʹࣔ͢ɽͳ͓ɼ࣍ͷΑ͏ͳิॿؔ਺Λ༻͍͍ͯΔɽ
• kindؔ਺: ূ໌߲M ͕ۭͰͳ͍ଘࡏม਺ͷ৔߹͸ඥ෇͍ͨ෦෼ূ໌߲Λऔಘͯ͠ฦ͠ɼ
ͦ͏Ͱͳ͍৔߹͸M Λฦؔ͢਺ɽ
• not_containؔ਺: Ҿ਺ͷϦετʹؚ·ΕΔূ໌߲શͯʹ͍ͭͯɼݱࡏಋೖ͞Ε͍ͯΔ༨
࠶ؼݺͼग़͠ cofix_listؚ͕·Εͳ͍͜ͱΛݕࠪ͢Δؔ਺ɽؚ·Ε͍ͯͳ͍৔߹͸ true
Λɼؚ·Ε͍ͯΔ৔߹͸ falseΛฦ͢ɽ
• contain_evar ؔ਺: ূ໌߲ʹۭͷଘࡏม਺ؚ͕·Ε͍ͯΔ৔߹͸ trueɼͦ͏Ͱͳ͍৔
߹͸ falseΛฦؔ͢਺ɽ
• whd_with_check_letinؔ਺: ऑ಄෦ਖ਼نܗΛٻΊΔࡍʹ let͕ࣜݱΕͨΒہॴఆٛͷ
ݕࠪΛߦ͍ͭͭऑ಄෦ਖ਼نܗΛٻΊΔؔ਺Ͱ͋Γɼ࠷ऴతʹ͸ऑ಄෦ਖ਼نܗͱہॴఆٛΛ
env ʹՃ͑ͨ৘ใ infoΛฦؔ͢਺Ͱ͋Δɽ
઴ਐతݕࠪͷ։࢝࣌ʹ͸ɼ·ͣଘࡏม਺ʹ৽ͨʹඥ෇͚ΒΕͨ෦෼ূ໌߲M ′ ͱͦΕ·Ͱͷݕ
ࠪ৘ใ info Λऔಘ͠ɼݕࠪؔ਺ incremental_checkΛݺͿɽୠ͠ɼinfo.next_term ʹূ໌߲
͕อ࣋͞Ε͍ͯΔͱ͖͸ɼM ′ Ͱ͸ͳ͘ info.next_term Λ incremental_checkʹ౉ͯ͠ݕࠪ
Λߦ͏ɽ·ͨɼincremental_checkͰ͸Ҿ਺M ͷܗͰ৔߹෼͚Λͯ͠ݕࠪΛߦ͏ɽ
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ΞϧΰϦζϜ 2 Ψʔυ৚݅ͷ઴ਐతݕࠪΞϧΰϦζϜ
ೖྗ: ෦෼ূ໌߲M ′ ͕ඥ͍࣮ͮͨࡏม਺ ?Goal
ग़ྗ: M ′ ͕Ψʔυ৚݅Λຬ͍ͨͯ͠Δ৔߹͸ trueɼຬ͍ͨͯ͠ͳ͍৔߹͸ false
info = ?Goalʹඥ͍͍ͮͯΔݕࠪ৘ใ
M = if info.next_term is saved then info.next_term else M ′
return incremental_check info M where
function incremental_check info M =
switch (kind M)
case c | Ci | t : return true (ఆ਺ɼҾ਺ΛऔΒͳ͍ίϯετϥΫλ)
case cast(t, t1) : return incremental_check info t (ܕΩϟετ)
case f : return (f ∈ info.is_RP ∧ f /∈ info.ng_list)
case x : return incremental_check info (unfold x) (ม਺)
case ?x : ݕࠪ৘ใ info Λ?xʹඥ͚ͮͯอ࣋; ܯࠂΛग़͢; return true (ۭͳଘࡏม਺)
case (fun x : τ ⇒ N) | (forall x : τ, N) : (ແ໊ؔ਺ɼґଘؔ਺ܕ)
return (not_contain info [τ] ∧ info.env ← (x : τ);incremental_check info N)
case (let x : τ := d in N) : (letࣜ)
return (not_contain info [τ] ∧ ہॴఆٛ x : τ := dΛݕࠪ
∧ info.env ← (x : τ := d);incremental_check info N)
case (g args) : return check_app (g, args) (ؔ਺·ͨ͸ίϯετϥΫλͷద༻)
case (match x : τ return Q with C1 t11 ... t1j1 ⇒ t1 | ... | Ci ti1 ... tijk ⇒ ti end) :
(ύλʔϯϚον)
return (not_contain info [x, τ, Q] ∧ ∧
∀h∈ {1...i}
{incremental_check info Nh})
case (fix f1 : τ1 := N1 with ... fix fi : τi := Ni for fj) : (࠶ؼؔ਺)
new_info = info.env ʹશͯͷ࠶ؼݺͼग़͠ fi Λ௥Ճ;
return (not_contain info [τ1, ..., τj] ∧∧
∀h∈ {1...i}
{incremental_check new_info Nh})
case (cofix f1 : τ1 := N1 with ... cofix fi : τi := Ni for fj) : (༨࠶ؼؔ਺)
new_info = info.env ͱ info.cofix_list ʹશͯͷ༨࠶ؼݺͼग़͠ fi Λ௥Ճ;
return (not_contain info [τ1, ..., τj] ∧∧
∀h∈ {1...i}
{incremental_check new_info Nh})
case t.i : return incremental_check info (projection t .i) (ࣹӨ)
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ΞϧΰϦζϜ 3 Ψʔυ৚݅ͷ઴ਐతݕࠪΞϧΰϦζϜ (ؔ਺෦෼)
ೖྗ: ݕࠪ৘ใ infoɼ෦෼ূ໌߲ͷؔ਺෦෼ g ͱҾ਺෦෼ args
ग़ྗ: ద༻ g args ͕Ψʔυ৚݅Λຬ͍ͨͯ͠Δ৔߹͸ trueɼຬ͍ͨͯ͠ͳ͍৔߹͸ false
function check_app info (g,args) =
switch (g)
case ?x : (ؔ਺෦෼͕ۭͳଘࡏม਺)
info.next_term← (g args); info Λ?xͱ args ʹؚ·ΕΔۭͷଘࡏม਺ʹඥ͚ͮͯอ࣋;
ܯࠂΛग़͢; return true
case f : (ؔ਺෦෼͕༨࠶ؼݺͼग़͠)
new_info = info.ng_list ʹ f Λ௥Ճͨ͠ݕࠪ৘ใ;
return
(f ∈ info.is_RP ∧ f /∈ info.ng_list ∧ ∧
∀x∈ args
{incremental_check new_info x})
case (let x : τ := d in N) : (ؔ਺෦෼͕ letࣜ)
return (not_contain info [τ] ∧ ہॴఆٛ x : τ := dΛݕࠪ
∧ info.env ← (x : τ := d); check_app info (N,args))
case Ci : (ؔ਺෦෼͕ίϯετϥΫλ)
target_f = cofix_listʹؚ·ΕΔɼܕͷऴҬ͕ T ͱͳΔ༨࠶ؼݺͼग़͠શͯ;
return∧
∀x∈ args
(if x is RPT then info.is_RP ← target_f ; incremental_check info x
else info.ng_list ← target_f ; incremental_check info x)
default :
g′,args ′,info′ = whd_with_check_let (g args); (ऑ಄෦ਖ਼نܗΛٻΊΔ)
if (contain_evar args ′)
then (Ҿ਺ʹۭͳଘࡏม਺ؚ͕·ΕΔ)
info′.next_term← (g′ args ′);
info′ Λ args ′ ʹؚ·ΕΔۭͷଘࡏม਺શͯʹඥ͚ͮͯอ࣋; ܯࠂΛग़͢; return true
else (Ҿ਺ʹۭͳଘࡏม਺ؚ͕·Εͳ͍)
switch (kind g′)
case (f | Ci | ?x) :
return check_app (info′ (g′,args ′))
case (fun x : τ ⇒ N) :
if args ′ = [] then return incremental_check info′ g′
else return check_app info′ (g′,args ′)
default : return incremental_check info′ (g′args ′)
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4.3.1 ݕࠪͰ޻෉͢΂͖఺
઴ਐతݕࠪͰ͸ূ໌߲Ͱ͸ͳ͘ɼۭͳଘࡏม਺ΛؚΈ͏Δ෦෼ূ໌߲ʹରͯ͠ݕࠪΛߦ͏ɽ
Αͬͯɼඪ४ͷ Coqͷݕࠪʹରͯ࣍͠ͷΑ͏ͳ޻෉͕ඞཁͱͳΔɽ
༨࠶ؼݺͼग़ؚ͕͠·Εͯ͸͍͚ͳ͍ূ໌߲ͷݕࠪ
Ψʔυ৚݅ͷఆٛΑΓɼؔ਺΍࠶ؼؔ਺ͳͲͷҾ਺Λಋೖ͢ΔΑ͏ͳূ໌߲ʹ͓͍ͯɼҾ਺ͷ
ܕʹ͸ಋೖ͞Ε͍ͯΔ༨࠶ؼݺͼग़ؚ͕͠·Εͯ͸͍͚ͳ͍ɽୠ͠ɼͦͷܕͳͲʹۭͳଘࡏม਺
ؚ͕·ΕΔ৔߹͸ɼ෦෼ূ໌߲͕ඥ෇͚ΒΕΔ·Ͱਖ਼͘͠ݕࠪΛߦ͏͜ͱ͕Ͱ͖ͳ͍ɽ͜ͷΑ͏
ͳ৔߹͸ cofix_list ͷཁૉશͯΛ ng_list ʹ௥Ճ͠ɼ࠶ؼతʹݕࠪΛߦ͏ɽͦͷ݁Ռɼܕ෦෼ͷ
ݕࠪͰۭͳଘࡏม਺͕ݱΕͨ৔߹Ͱ΋ɼݕࠪ৘ใΛอ͓࣋ͯ͘͜͠ͱͰɼ࣍ʹ෦෼ূ໌߲͕ඥ෇
͚ΒΕͨͱ͖ʹ ng_list ʹؚ·Ε͍ͯΔม਺͕͋Δ͔Ͳ͏͔ΛΛݕࠪ͢Ε͹ɼਖ਼͘͠ݕࠪΛߦ͑
Δɽͳ͓ɼmatchࣜͷҾ਺΍ฦΓ஋ͷܕͷݕࠪͷࡍ΋ಉ༷ʹ ng_list Λར༻ͯ͠ݕࠪΛߦ͏ɽ
letࣜͷہॴఆٛͷݕࠪ
Coqඪ४ͷݕࠪʹ͓͍ͯɼletࣜͰಋೖͨ͠ہॴఆٛ͸ whd_allؔ਺Ͱऑ಄෦ਖ਼نܗΛٻΊ
Δࡍʹஔ׵͞Ε͍ͯΔɽୠ͠ɼ઴ਐతݕࠪʹ͓͍ͯಉ༷ʹ whd_allؔ਺Λ༻͍ͯ letࣜΛஔ׵
ͯ͠͠·͏ͱɼہॴఆٛ෦෼͕Ψʔυ৚݅Λຬ͍ͨͯ͠ͳ͍৔߹ɼͦͷ࣌఺ͰݕࠪͰ͖ͳ͍໰୊
͕͋Δɽ͜ͷ໰୊Λղܾ͢ΔͨΊɼূ໌߲ʹ let͕ࣜݱΕͨࡍʹہॴఆٛͷݕࠪΛߦ͍ɼenv ʹ
ہॴఆٛΛอ্࣋ͨ͠Ͱ inҎԼͷݕࠪΛߦ͏͜ͱͱͨ͠ɽͳ͓ɼہॴఆٛʹ͸ಋೖ͞Ε͍ͯΔ
༨࠶ؼݺͼग़͕͠௚઀ݱΕͯ΋໰୊ͳ͍ͨΊɼͦͷ࣌఺Ͱͷݕࠪ৘ใͷ͏ͪ env Ҏ֎ͷ৘ใΛফ
ͯ͠ݕࠪΛߦ͏ɽ͞Βʹɼہॴఆٛͷݕࠪ͸৽͍͠༨࠶ؼݺͼग़͕͠ಋೖ͞Εͳ͚Ε͹ߦΘͣɼ
ͦͷہॴఆ͕ٛग़ݱͨ͠ࡍʹల։ͯ͠ݕࠪΛߦ͏ɽ
·ͨɼؔ਺ద༻ͷࡍʹ͸ऑ಄෦ਖ਼نܗΛٻΊͯݕࠪΛߦ͏͕ɼ͜ͷࡍʹ΋ whd_allؔ਺Λ༻
͍Δͱɼlet͕ࣜग़ݱ͢Δ৔߹ʹஔ׵ͯ͠͠·͏ɽ͜ͷΑ͏ͳ৔߹ʹ͸ɼূ໌߲ͷઌ಄͕ letࣜ
ͱͳͬͨͱ͖ʹ͸ͦΕҎ্ऑ಄෦ਖ਼نܗΛٻΊͳ͍ؔ਺ whd_allnolet ͱɼlet ࣜͷݕࠪΛަ
ޓʹߦ͏ؔ਺ whd_with_check_letΛ༻͍ͯɼ؆໿Λߦ͏ letࣜͷݕࠪͱہॴఆٛͷ৘ใΛߋ
৽ͭͭ͠ɼऑ಄෦ਖ਼نܗΛٻΊΔɽ
෦෼ূ໌߲ʹ͓͚Δؔ਺ద༻
෦෼ূ໌߲ʹରͯ͠ͷؔ਺ద༻͸ɼۭͳଘࡏม਺ΛؚΈ׬શʹ؆໿Ͱ͖ͳ͍͜ͱ͕͋Δɽͨͱ
͑͹ɼ3.4અͷྫͱಉ͡ɼ࣍ͷΑ͏ͳ෦෼ূ໌߲ʹ͍ͭͯ઴ਐతݕࠪΛߦ͏͜ͱΛߟ͑Δɽ
cofix from_guarded n := ?Goal n (from_guarded (S n))
22
͜ͷ෦෼ূ໌߲͸ؔ਺෦෼͕ۭͳଘࡏม਺ ?Goal ͱͳ͓ͬͯΓɼطʹऑ಄෦ਖ਼نܗͱͳͬͯ
͍ΔɽΑͬͯɼ͜ΕҎ্؆໿ΛਐΊΔ͜ͱ͕Ͱ͖ͳ͍ɽ͔͠͠ɼ࣍ʹଘࡏม਺ ?Goalʹඥ෇͍ͨ
෦෼ূ໌߲ʹ͍ͭͯݕࠪΛߦͬͯ͠·͏ͱɼҾ਺ʹ͍ͭͯݕ͕ࠪߦΘΕͳ͍ͨΊਖ਼͘͠ݕ͕ࠪߦ
͑ͳ͍ɽ͜Ε͸ɼҾ਺ʹۭͳଘࡏม਺ؚ͕·ΕΔ৔߹΋ಉ༷Ͱ͋Δɽ
Αͬͯద༻ͷ৔߹͸࣍ͷࡾͭͷ৔߹ʹ෼͚ͯݕࠪΛߦ͏ɽ
• ؔ਺ɾҾ਺ڞʹۭͳଘࡏม਺͕Ұͭ΋ؚ·Εͳ͍৔߹ɽ
• ؔ਺ʹ͸ۭͳଘࡏม਺ؚ͕·ΕͣɼҾ਺ʹͷΈؚ·ΕΔ৔߹ɽ
• ؔ਺ʹۭͳଘࡏม਺ؚ͕·ΕΔ৔߹ɽ
ؔ਺ɾҾ਺ڞʹۭͳଘࡏม਺ΛҰͭ΋ؚ·ͳ͍৔߹͸ɼؔ਺ whd_with_check_letΛ༻͍ͯ
؆໿Λߦͬͨޙͷূ໌߲ʹ͍ͭͯݕࠪΛߦ͏ɽ
Ҿ਺ͷΈʹۭͳଘࡏม਺ؚ͕·ΕΔ৔߹͸ɼ׬શʹ؆໿Λߦ͏͜ͱ͸Ͱ͖ͳ͍ɽ͜ͷΑ͏ͳ৔
߹͸ɼͰ͖ΔݶΓ؆໿Λߦ߲ͬͨΛ next_term ͱͯ͠ɼۭͳଘࡏม਺͢΂ͯʹඥ෇͚ͯอ࣋͠
͓͖ͯɼۭͳଘࡏม਺ʹ෦෼ূ໌߲͕ඥ෇͍ͨࡍʹ next_term Λݕࠪ͢Δɽͳ͓ɼ͜ͷ৔߹͸
Ҿ਺ʹۭͳଘࡏม਺ؚ͕·ΕΔͨΊɼ׬શʹ؆໿Ͱ͖͍ͯͳ͍ͱ͍͏ࢫͷܯࠂΛग़ͯ͠Ϣʔβʹ
஌ΒͤΔɽ
·ͨɼؔ਺ʹۭͳଘࡏม਺ؚ͕·ΕΔ৔߹΋ɼશ͘؆໿Λߦ͏͜ͱ͕Ͱ͖ͳ͍ɽ͜ͷ৔߹͸ɼ
ͦͷؔ਺ద༻શମΛ next_term ͱͯ͠ɼಉ༷ʹอ͓࣋ͯ͘͠ɽfrom_guardedͷྫ͸͜ͷ৔߹
ʹ૬౰͠ɼnext_term ʹ ?Goal n (from_guarded (S n))Λอ͓͖࣋ͯ͠ɼ࣍ʹ ?Goalʹ෦
෼ূ໌߲͕ඥ͍ͮͨࡍʹɼ͜ͷ ?Goal n (from_guarded (S n))Λݕࠪ͢Δɽͳ͓ɼ͜ͷ৔߹
΋׬શʹ؆໿Ͱ͖͍ͯͳ͍ͱ͍͏ࢫͷܯࠂΛग़ͯ͠Ϣʔβʹ஌ΒͤΔɽ
4.3.2 ద༻Ҏ֎ͷ৔߹ͷݕࠪ
࣍ʹɼద༻Ͱͳ͍৔߹ͷ઴ਐతݕࠪΞϧΰϦζϜ 2ʹ͍ͭͯઆ໌͢Δɽ
·ͣɼM ͕ఆ਺΍Ҿ਺ΛऔΒͳ͍ίϯετϥΫλɼ༨࠶ؼݺͼग़͠Ͱ͸ͳ͍ܕͷͱ͖͸ɼ༨
࠶ؼݺͼग़͠Λؚ·ͳ͍ͨΊ trueΛฦ͢ɽ
M ͕ܕͷΩϟετ cast(t, t1) ͷͱ͖͸ɼ୯ͳΔܕΩϟετͰ͋ΔͨΊΩϟετΛണ͕ͯ͠࠶
ؼతʹݕࠪΛߦ͏ɽ
M ͕༨࠶ؼݺͼग़͠ f ͷͱ͖͸ɼͦͷ f ͕ is_RP ʹؚ·Ε͍ͯΔɼ͔ͭ ng_list ʹؚ·Ε
͍ͯͳ͍͜ͱΛ֬ೝ͢Δɽ
M ͕ม਺ xͷͱ͖͸ɼఆ͕ٛ͋Ε͹ల։ͯ͠࠶ؼతʹݕࠪΛߦ͏ɽͳ͚Ε͹ trueΛฦ͢ɽ
M ͕ۭͳଘࡏม਺ ?xͷͱ͖͸ɼ·ͩ෦෼ূ໌߲͕ແ͍ͨΊͦΕҎ্ݕࠪΛߦ͏͜ͱ͸Ͱ͖ͳ
͍ɽΑͬͯɼͦΕ·ͰʹूΊͨݕࠪ৘ใ info Λ ?xʹඥ෇͚ͯอ࣋͠ɼܯࠂΛग़͢ɽҎ߱ɼݕࠪ
৘ใ info Λ ?xʹඥ෇͚Δ͜ͱΛ ?x ❀ info ͱॻ͘ɽ
M ͕ແ໊ؔ਺΋͘͠͸ґଘؔ਺ͷͱ͖͸ɼඪ४ͷ Coqͷݕࠪͱಉ༷ʹɼҾ਺ͷܕ τ ʹಋೖ͞
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Ε͍ͯΔ༨࠶ؼݺͼग़ؚ͕͠·Εͳ͍͜ͱΛ͔֬Ίɼຊମ෦෼ͷݕࠪΛ࠶ؼతʹߦ͏ɽ
M ͕ letࣜͷͱ͖͸ɼہॴఆٛͷܕʹಋೖ͞Ε͍ͯΔ༨࠶ؼݺͼग़ؚ͕͠·Εͳ͍͜ͱΛ֬
͔ΊɼہॴఆٛͷݕࠪΛߦ͍ɼຊମ෦෼ʹ͍ͭͯ࠶ؼతʹݕࠪΛߦ͏ɽ
M ͕ؔ਺΋͘͠͸ίϯετϥΫλͷద༻ͷ৔߹͸ɼcheck_appؔ਺ͰݕࠪΛߦ͏ɽ
M ͕ύλʔϯϚονͷͱ͖͸ɼඪ४ͷ Coqͷݕࠪͱಉ༷ʹɼxͱ τɼQʹಋೖ͞Ε͍ͯΔ༨
࠶ؼݺͼग़ؚ͕͠·Εͳ͍͜ͱΛ͔֬Ίɼશͯͷ৔߹ Ci t11 . . . tij1 ⇒ t1 ʹ͍ͭͯ࠶ؼతʹݕ
ࠪΛߦ͏ɽ
M ͕࠶ؼݺͼग़͠ͷͱ͖͸ɼશͯͷܕ τi ʹಋೖ͞Ε͍ͯΔ༨࠶ؼݺͼग़ؚ͕͠·Εͳ͍͜ͱ
Λ͔֬Ίɼಋೖ͞Εͨ࠶ؼݺͼग़͠Λ env ʹՃ͑ͯ࠶ؼతʹݕࠪΛߦ͏ɽ
M ͕༨࠶ؼݺͼग़͠ͷͱ͖͸ɼશͯͷܕ τi ʹಋೖ͞Ε͍ͯΔ༨࠶ؼݺͼग़ؚ͕͠·Εͳ͍͜
ͱΛ͔֬Ίɼಋೖ͞Εͨ༨࠶ؼݺͼग़͠Λ env ͓Αͼ cofix_list ʹՃ͑ͯ࠶ؼతʹݕࠪΛߦ͏ɽ
cofix_list ʹ༨࠶ؼݺͼग़͠ΛՃ͑Δ͜ͱͰɼಉ࣌ʹෳ਺ͷ༨࠶ؼݺͼग़͠ʹ͍ͭͯݕࠪΛߦ͏
͜ͱ͕Ͱ͖Δɽ
M ͕ࣹӨ t.iͷͱ͖͸ɼ୯ʹࣹӨΛߦͬͨޙͷূ໌߲ʹ͍ͭͯ࠶ؼతʹݕࠪΛߦ͏ɽ
4.3.3 ద༻ͷ৔߹ͷݕࠪ
࣍ʹɼؔ਺΍ίϯετϥΫλͷద༻ͷ৔߹ͷ઴ਐతݕࠪΞϧΰϦζϜ 3ʹ͍ͭͯઆ໌͢Δɽ͜
ͷݕࠪ͸ɼ؆໿Λߦ͏ඞཁ͕ͳ͍৔߹ͱ؆໿Λߦ͏ඞཁ͕͋Δ৔߹ʹ෼͚ͯߦ͏ɽ
ؔ਺෦෼͕ۭͳଘࡏม਺ ?x ͷ৔߹͸ɼطʹड़΂ͨΑ͏ʹؔ਺ద༻શମΛ next_term ʹอ࣋
͠ɼ?xͱ args ʹؚ·ΕΔશͯͷۭͳଘࡏม਺ʹඥ෇͚ͯอ͓࣋ͯ͘͠ɽ͜ͷ࣌఺Ͱ͸͜ΕҎ্
ਐΊΔ͜ͱ͕Ͱ͖ͳ͍ͨΊɼܯࠂΛग़ͯ͠ trueΛฦ͢ɽ
ؔ਺෦෼͕༨࠶ؼݺͼग़͠ f ͷ৔߹͸ɼ·ͣ f ͕ is_RP ʹؚ·Ε͍ͯΔ͔ͭɼng_list ʹؚ
·Ε͍ͯͳ͍͔Λ͔֬ΊΔɽ࣍ʹɼCoqඪ४ͷݕࠪʹ͓͚Δ noccurؔ਺ʹରԠ͢ΔΑ͏ͳݕࠪ
Λߦ͏͕ɼۭͳଘࡏม਺ؚ͕·Ε͏ΔͨΊɼਖ਼͍͠ݕ͕ࠪߦ͑Δͱ͸ݶΒͳ͍ɽΑͬͯطʹड़΂
ͨΑ͏ʹɼng_list ʹ f ΛՃ͑ɼશͯͷҾ਺ʹ͍ͭͯ f ͕ωετͨ͠ܗʹͳ͍ͬͯͳ͍͔ͷݕࠪ
Λߦ͏ɽ
ؔ਺෦෼͕ letࣜͷ৔߹͸ɼܕʹಋೖ͞Ε͍ͯΔ༨࠶ؼݺͼग़ؚ͕͠·Εͳ͍͔Λݕࠪ͠ɼط
ʹड़΂ͨΑ͏ʹہॴఆٛΛݕࠪ͢ΔɽͦͷޙʹہॴఆٛΛ؀ڥʹՃ͑ɼద༻ (N args)ʹ͍ͭͯ
࠶ؼతʹݕࠪΛߦ͏ɽ
ؔ਺෦෼͕ίϯετϥΫλͷ৔߹͸ɼҾ਺͕ RP Λຬͨ͢৔߹ʹ͸ RP Λຬͨ͢ͱ͍͏৘ใɼ
ຬͨ͞ͳ͍৔߹ʹ͸ରԠ͢Δ༨࠶ؼݺͼग़͠Λ ng_list ʹ௥Ճͯ͠࠶ؼతʹݕࠪΛߦ͏ɽୠ͠ɼ
઴ਐతݕࠪͰ͸ಉ͡ܕͷ༨࠶ؼݺͼग़͕͠ෳ਺ಋೖ͞Ε͍ͯΔ৔߹͕ߟ͑ΒΕΔɽͨͱ͑͹ɼ࣍
ͷΑ͏ͳূ໌߲ͷ৔߹ʹ͸ɼonesͱ zerosͷͲͪΒ͕ ?Goalʹඥ෇͚ΒΕͯ΋ɼΨʔυ৚݅Λ
ຬͨ͢ɽ
cofix ones: stream :=
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cofix zeros: stream :=
Cons 0 ?Goal
ͳ͓ ?Goal͸࣍ͷΑ͏ͳΰʔϧͰ͋Δɽ
?Goal = Γ, ones: stream, zeros: stream ⊢ stream
Αͬͯɼ?Goalʹ͓͍ͯ͸ɼಋೖ͞Ε͍ͯΔ༨࠶ؼݺͼग़͠ onesͱ zerosͷ྆ํͱ΋ RP Λ
ຬ͍ͨͯ͠Δ͜ͱͱͳΔɽ͜ͷΑ͏ͳ৔߹͕͋ΔͨΊɼcofix_list ʹؚ·ΕΔ༨࠶ؼݺͼग़͠ͷ
ܕͷऴҬ͕ɼίϯετϥΫλ͕ॴଐ͢Δܕ T ͱҰக͍ͯ͠Δ͔Ͳ͏͔Λௐ΂ɼҰக͢ΔܕΛ࣋ͭ
༨࠶ؼݺͼग़͠ʹ͍ͭશͯΛ is_RP ʹ௥Ճ͠ɼRP Λຬ͍ͨͯ͠Δͱ͍͏৘ใΛอ͓࣋ͯ͘͠ɽ
ؔ਺෦෼͕ͦΕҎ֎ͷ৔߹͸ɼऑ಄෦ਖ਼نܗΛٻΊͨޙͷܗʹ͍ͭͯݕࠪΛߦ͏ɽऑ಄෦ਖ਼ن
ܗΛٻΊͨޙͷূ໌߲͕Ҿ਺ʹۭͳଘࡏม਺ΛؚΉͱ͖͸ɼطʹड़΂ͨΑ͏ʹɼܯࠂΛग़ͭͭ͠
next_term ʹͦͷؔ਺ద༻Λอ͓͖࣋ͯ͠ɼҾ਺ʹۭͳଘࡏม਺Λؚ·ͳ͍ͱ͖͸࠶ؼతʹݕ
ࠪΛߦ͏ɽۭͳଘࡏม਺Λؚ·ͳ͍ͱ͖͸ɼ࠶ؼతʹݕࠪΛߦ͏ɽ
4.4 ઴ਐతݕࠪͷྫ
લઅͰࣔͨ͠઴ਐతݕࠪͷΞϧΰϦζϜΛ༻͍ͨɼΨʔυ৚݅ͷݕࠪྫΛࣔ͢ɽ͜͜Ͱ͸ɼઌ
ఔͷ fromؔ਺Λιʔείʔυ 4.1ͷΑ͏ʹఆٛ͠ɼΨʔυ৚݅Λ઴ਐతʹݕࠪ͢Δɽ
·ͣιʔείʔυ 4.1 ͷ 1 ߦ໨ΛಡΈࠐΉͱɼCoFixpoint ίϚϯυͰ༨࠶ؼݺͼग़͠
from_incr͕ಋೖ͞ΕΔͨΊɼূ໌։࢝࣌ͷଘࡏม਺ (?Goal0ͱ͢Δ)ʹ࣍ʹΑ͏ͳ෦෼ূ໌
߲͕ඥ෇͚ΒΕΔɽ
?Goal0 %→ cofix from_incr n: stream := ?Goal1
͜ͷ෦෼ূ໌߲ʹ͍ͭͯݕࠪΛߦ͏ͱɼ༨࠶ؼݺͼग़͠ͷ৔߹ͱͳΔɽΑͬͯɼ༨࠶ؼݺͼग़
͠ from_incr Λ info0 .cofix_list ʹɼRP Λຬͨ͢Ҿ਺ͷҐஔ (Cons ͷୈೋҾ਺) Λܭࢉͯ͠
info0 .env ʹอଘ͠ɼͦͷఆٛ෦෼ ?Goal1 ͷݕࠪΛߦ͏ɽୠ͠ɼ?Goal1 ͸ۭͷଘࡏม਺ͷͨ
Ίɼ͜͜·Ͱͷݕࠪ৘ใ info0 Λɼ ?Goal1 ❀ info0 ͷΑ͏ʹඥ෇͚ͯอ͓࣋ͯ͘͠ɽ
࣍ʹɼ2ߦ໨ͷ refineλΫςΟΫΛ࣮ߦ͢Δͱɼ ?Goal1ʹ࣍ͷΑ͏ͳ෦෼ূ໌߲͕ඥ෇͚
ΒΕΔɽ
?Goal1 %→ let cofix zeros: stream := Cons 0 zeros in Cons ?Goal2 ?Goal3
ιʔείʔυ 4.1 from_incrͷλΫςΟΫʹΑΔఆٛ
1 CoFixpoint from_incr (n: nat): stream.
2 refine (let cofix zeros: stream := Cons 0 zeros in Cons _ _).
3 - apply n.
4 - apply (id (let m: stream := from_incr (S n) in m)).
5 Defined.
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͜ͷ෦෼ূ໌߲͸ let ࣜͷ৔߹ͱͳΔɽΑͬͯɼinfo0 ͷ಺ env Ҏ֎ͷݕࠪ৘ใΛۭʹͨ͠
৘ใ info0 ′ Λ༻͍ͯɼہॴఆٛͷݕࠪΛߦ͏ɽ
ہॴఆٛ෦෼͸ cofix zeros: stream := Cons 0 zerosͰ͋Γɼ༨࠶ؼݺͼग़͠ͷ৔߹ͷ
ݕࠪͱͳΔɽΑͬͯಉ༷ʹ zerosΛ info0 ′.cofix_list ʹ௥Ճ͠ɼఆٛ෦෼ͷݕࠪΛߦ͏ɽ͜Ε
͸ίϯετϥΫλͷద༻ͷ৔߹ͱͳΓɼୈҰҾ਺͸ zerosΛ info0 ′.ng_list ʹՃ͑ͨݕࠪ৘ใ
info0 ′′ ΛɼୈೋҾ਺͸ zerosΛ info0 ′.is_RP ʹՃ͑ͨݕࠪ৘ใ info′′′ Λ༻͍ͯɼ࠶ؼతʹݕ
ࠪΛߦ͏ɽୈҰҾ਺͸ 0Ͱ͋Γɼ༨࠶ؼݺͼग़͠ zeros͸ؚ·Εͳ͍ɽ·ͨɼୈೋҾ਺͸༨࠶ؼ
ݺͼग़͠ zerosͰ͋Δ͕ɼݕࠪ৘ใ info′′′ ͔Β zeros͕ info′′′.is_RP ʹؚ·Ε͍ͯΔɼͭ
·Γ RP Λຬ͍ͨͯ͠Δ͜ͱ͕Θ͔ΔͨΊɼہॴఆٛʹ͍ͭͯ͸Ψʔυ৚݅Λຬ͍ͨͯ͠Δ͜ͱ
͕ݕࠪ͞ΕΔɽ
࣍ʹɼ͜ͷہॴఆٛΛ info0 .env ʹՃ͑ɼinҎԼͷ෦෼ূ໌߲ Cons ?Goal2 ?Goal3ʹ͍ͭ
ͯݕࠪΛߦ͏ɽ͜ͷ෦෼ূ໌߲͸ίϯετϥΫλͷద༻ͱͳΔͨΊɼಉ༷ʹͦΕͧΕͷҾ਺ʹͭ
͍ͯ࠶ؼతʹݕࠪΛߦ͏ɽ͜͜Ͱɼ ?Goal2ͱ ?Goal3ͷ྆ํͱ΋ۭͳଘࡏม਺ͷͨΊɼಋೖ͞
Ε͍ͯΔ༨࠶ؼݺͼग़͠ from_incrΛ info0 .ng_list ʹՃ͑ͨݕࠪ৘ใ info1 ͱɼfrom_incr
Λ info0 .is_RP ʹՃ͑ͨݕࠪ৘ใ info1 ′ Λɼ ?Goal2 ❀ info1ɼ ?Goal3 ❀ info1 ′ ͷΑ͏ʹ
ඥ෇͚ͯอ͓࣋ͯ͘͠ɽ
࣍ʹ 3 ߦ໨ͷ apply n Λ࣮ߦ͢Δͱɼ?Goal2 %→ n ͷΑ͏ʹ෦෼ূ໌߲͕ඥ෇͚ΒΕΔɽ
?Goal2ͷݕࠪ৘ใ info1 ΑΓɼinfo1 .cofix_list ʹؚ·ΕΔ༨࠶ؼݺͼग़͠ (from_incr)͕ n
ʹؚ·Εͳ͍ͨΊɼ͜ͷ࣌఺Ͱ͸Ψʔυ৚݅Λຬ͍ͨͯ͠Δ͜ͱ͕ݕࠪ͞ΕΔɽͳ͓ɼ෦෼ূ໌
߲ nʹ͸ۭͳଘࡏม਺ؚ͕·Εͳ͍ͨΊɼݕࠪ৘ใΛอଘ͢Δඞཁ͸ͳ͍ɽ
࣍ʹ 4ߦ໨Λ࣮ߦ͢Δͱɼ ?Goal3ʹ࣍ͷΑ͏ͳ෦෼ূ໌߲͕ඥ෇͚ΒΕΔɽ
?Goal3 %→ id (let m: stream := from_incr (S n) in m)
͜ͷ෦෼ূ໌߲͸ؔ਺ద༻ͱͳΔͨΊɼ·ͣ͸ 4.3.2અͰड़΂ͨΑ͏ʹɼwhd_with_check_let
ؔ਺Ͱ letࣜͷݕࠪΛߦ͍ͭͭɼऑ಄෦ਖ਼نܗΛٻΊΔɽΑͬͯɼidؔ਺ͷ؆໿Λߦͬͨޙʹ
letࣜͷہॴఆٛΛݕࠪ͢Δ͕ɼہॴఆٛ಺Ͱ৽͍͠༨࠶ؼݺͼग़͕͠ಋೖ͞Εͳ͍ͨΊɼ࠶ؼ
తͳݕࠪ͸ߦΘͳ͍ɽͳ͓ɼinҎԼͷݕࠪͷࡍʹ͸ whd_with_check_letؔ਺Ͱฦ͞ΕΔɼہ
ॴఆٛ mΛ info1 ′.env ʹՃ͑ͨ৘ใ info2 Λ༻͍ͯݕࠪΛߦ͏ɽ
ऑ಄෦ਖ਼نܗΛٻΊͨޙͷূ໌߲͸ mͱͳΔɽ͜ͷม਺ mͷఆٛΛ info2 .env Λ༻͍ͯల։
͢Δͱɼfrom_incr (S n)ͱͳΔɽ͜Ε͸ɼinfo2 .is_RP ͔Β from_incrʹ͍ͭͯ RP Λຬ
͍ͨͯ͠Δ͜ͱ͕Θ͔ΔͨΊɼ༨࠶ؼݺͼग़͠ from_incr͕ݱΕͯ΋Ψʔυ৚݅Λຬ͍ͨͯ͠
Δ͜ͱ͕Θ͔Δɽ͜ͷΑ͏ʹ৘ใΛҾ͖ܧ͍Ͱ͍ͨ͘Ίɼಉ͡ূ໌߲ʹ͍ͭͯݕࠪ͢Δඞཁ͕
ͳ͍ɽ
ΑͬͯɼίϯετϥΫλͷશͯͷҾ਺ͷݕ͕ࠪ׬ྃͨͨ͠Ίɼશମͱͯ͠΋Ψʔυ৚݅Λຬͨ
͍ͯ͠Δ͜ͱ͕ݕࠪ͞Εͨɽ
ͳ͓ɼ2ߦ໨Ͱಋೖ͞Εͨ zeros͸ͦͷޙͷఆٛͰ͸࢖ΘΕͳ͍͕ɼূ໌߲ͱͯ͠͸࢒ΔͨΊ
ݕࠪΛߦ͏ඞཁ͕͋ͬͨɽ
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4.5 ඪ४ͷݕࠪͱͷ઴ਐతݕࠪͷҧ͍
Coq ʹ͓͚Δඪ४ͷݕࠪ (Guarded ίϚϯυؚΉ) Ͱ͸ূ໌ऴྃ࣌ʹɼূ໌։࢝࣌ͷΰʔϧ
(ଘࡏม਺)ͱͦΕ·Ͱͷ෦෼ূ໌߲͔Βɼূ໌߲Λߏங͍ͯ͠Δɽ͜ͷૢ࡞͸ɼ෦෼ূ໌߲ͷଘ
ࡏม਺Λ୳͠ɼͦͷ෦෼ʹରԠ͢Δ෦෼ূ໌߲Ͱஔ׵͍ͯͨ͘͠Ίʹ͕͔͔࣌ؒΔɽ͜ͷΑ͏ʹ
ͯ͠ূ໌߲Λߏஙͨ͠ޙʹɼ3ষͰड़΂ͨݕࠪΛߦ͍ͬͯΔɽ
ରͯ͠ຊݚڀͰ͸λΫςΟΫ࣮ߦຖʹΨʔυ৚݅ͷݕࠪΛߦ͏ͨΊɼݕ͕ࠪ࣌ؒࡉ͔͘෼ࢄ͞
ΕΔɽͨͩ͠ɼ෦෼ূ໌߲ʹରͯ͠ݕࠪΛߦ͏ͨΊɼূ໌߲Λߏங͢Δ࣌ؒ͸͔͔Βͳ͍ɽ·ͨ
઴ਐతݕࠪͰ͸ɼূ໌தͷ࠷ॳͷํͷλΫςΟΫͷ࣮ߦͰΨʔυ৚݅Λຬͨ͞ͳ͘ͳͬͯ͠·͏
৔߹ͳͲͰ͸ɼূ໌ͷ࠷ޙʹͷΈݕࠪΛߦ͏ΑΓ΋Ϣʔβ͸ૣ͘ؾͮ͘͜ͱ͕Ͱ͖Δɽ͔͠͠ɼ
λΫςΟΫ࣮ߦຖʹ઴ਐతݕࠪͷͨΊͷ͕͔͔࣌ؒΔͨΊɼূ໌߲Λߏங͢Δ࣌ؒ΋ؚΊͯ௨ৗ
ΑΓ΋λΫςΟΫຖʹ͕͔͔࣌ؒΔɽ͞Βʹɼ઴ਐతݕࠪͰ͸࠷ऴతʹಉ͡ূ໌߲ͱͳΔΑ͏ͳ
ূ໌Ͱ΋ɼͦͷূ໌εΫϦϓτ͕ҟͳΔͱɼશ͘ಉ͡ݕࠪͱͳΔͱ͸ݶΒͳ͍ɽ͜Ε͸ɼੜ੒͞
ΕΔ෦෼ূ໌߲͕λΫςΟΫʹґଘ͢ΔͨΊͰ͋Δɽ
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5 ࣗಈূ໌λΫςΟΫ
ຊݚڀͰ͸ɼCoqඪ४ͷࣗಈূ໌λΫςΟΫ autoΛجʹɼΨʔυ৚݅Λຬͨ͢ূ໌ͷΈΛੜ
੒͢Δࣗಈূ໌λΫςΟΫ guarded_autoΛ࣮૷ͨ͠ɽ
5.1 autoλΫςΟΫ
Coqʹ͓͚Δ autoλΫςΟΫ͸࣍ͷखॱ (λΫςΟΫ)Λ܁Γฦ͢͜ͱͰɼࣗಈূ໌Λߦͬ
͍ͯΔɽ
1. ݱࡏͷΰʔϧʹ͓͍ͯɼ໋୊ͱܕ͕߹͏Ұ൪৽͍͠ԾఆΛબ୒͠ɼͦͷԾఆΛ༻͍ͯূ໌
Λऴྃͤ͞Δ (assumption)ɽ
2. ໋୊ؚ͕ҙͷܗ (P → Q)Ͱ͋Ε͹ɼͦͷલ݅ (P )ΛԾఆʹՃ͑Δ (intro)ɽ
3. Hintσʔλϕʔε͔Βݱࡏͷ໋୊Λมܗͤ͞Δ͜ͱ͕Ͱ͖ΔఆཧΛऔಘ͠ɼద༻ΛࢼΈ
Δ (apply)ɽ
ͳ͓ɼHint σʔλϕʔε͸ఆཧΛूΊͨ΋ͷͰ͋Δɽඪ४Ͱ͸ϖΞϊͷࣗવ਺ؔ࿈ͷ arithɼ
ू߹ؔ࿈ͷ setsͳͲؚ͕·ΕΔ͕ɼϢʔβ͕࡞੒͢Δ͜ͱ΋Ͱ͖Δɽ
ͨͱ͑͹ɼ࣍ͷΑ͏ͳূ໌߲ͷଘࡏม਺ ?GoalʹରԠ͢ΔΰʔϧΛɼautoλΫςΟΫͰূ໌
͢Δ৔߹Λߟ͑Δɽ
let cofix zeros: stream :=
Cons 0 zeros in cofix zeros ’: stream := ?Goal
͜ͷͱ͖ͷΰʔϧ͸࣍ͷΑ͏ʹͳΔɽ
?Goal = Γ, zeros: stream, zeros’: stream ⊢ stream
͜͜Ͱ autoλΫςΟΫΛ༻͍Δͱɼݱࡏͷ؀ڥʹ͋ΔԾఆ͔ΒҰ൪৽͘͠ɼ໋୊ͱܕ͕߹͏
Ծఆ zeros’Λ ?Goalʹඥ෇͚ͯূ໌Λऴྃͤ͞Δ (assumption)ɽ͔͠͠ɼ?Goalʹ zeros’
͕ඥ෇͚ΒΕΔͱূ໌߲ͷ inҎԼ͕ cofix zeros’ := zeros’ͱͳͬͯ͠·͍ɼΨʔυ৚݅
Λຬͨ͞ͳ͍ূ໌ͱͳͬͯ͠·͏ɽ
͜ͷ໰୊͸ɼCoqʹ͓͍ͯ༨ؼೲతূ໌Λߦ͏ͨΊʹɼcofixλΫςΟΫ͔ CoFixpointίϚ
ϯυΛ༻͍ͯΰʔϧͷ໋୊ΛԾఆʹίϐʔ͢Δඞཁ͕͋Δ͜ͱʹىҼ͍ͯ͠Δɽͭ·Γɼcofix
λΫςΟΫͳͲΛ࣮ߦͨ͠௚ޙʹ autoλΫςΟΫͳͲΛ༻͍ΔͱɼcofixλΫςΟΫͰίϐʔ
͞Ε໋ͨ୊Λద༻ͯ͠͠·͍ɼແݶϧʔϓͷΑ͏ͳূ໌߲ͱͳͬͯ͠·͏ɽ͜ͷΑ͏ʹɼ༨ؼೲ
తূ໌ͱ Coqඪ४ͷࣗಈূ໌͸૬ੑ͕ѱ͍ɽ
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5.2 guarded_autoλΫςΟΫ
༨ؼೲతূ໌ͷΨʔυ৚͕݅ຬͨ͞Εͳ͘ͳΓ͏Δͷ͸ɼCoFixpoint ίϚϯυ͔ cofix λ
ΫςΟΫͰ༨࠶ؼݺͼग़͠ΛΰʔϧͷԾఆͱͯ͠ಋೖ͠ɼͦͷԾఆΛ༻͍ͯূ໌Λߦ͏৔߹Ͱ͋
ΔɽΑͬͯɼautoλΫςΟΫͰߦ͍ͬͯΔखॱͷ͏ͪɼΨʔυ৚݅Λຬͨ͞ͳ͘ͳΔՄೳੑͷ
͋Δͷ͸ assumptionͷखॱͷΈͱͳΔͨΊɼ͜ͷखॱΛมߋ͢Δ͜ͱͰ guarded_autoλΫ
ςΟΫΛ࣮૷Ͱ͖Δɽ
͔͠͠ɼຊݚڀͰ͸ԾఆΛ༻͍ͯূ໌Λऴྃͤ͞Δ assumptionͷ୅ΘΓʹɼapplyΛ༻͍Δ
͜ͱʹͨ͠ɽassumptionͰ͸ূ໌Λऴྃͤ͞ΔԾఆͷΈΛద༻͢Δ͕ɼapply͸ assumption
ʹՃ͑ɼΰʔϧͷ໋୊Λมܗͤ͞ΔԾఆ΋ద༻Ͱ͖ΔͨΊɼΑΓ෯޿͍ূ໌ʹରͯ͠༻͍Δ͜ͱ
͕Ͱ͖Δɽ
ͦͷͨΊɼ·ͣ͸Ҿ਺ͱͯ͠ͱͬͨλΫςΟΫΛ࣮ߦͨ͠ޙʹݕࠪΛߦ͍ɼͦͷ݁ՌΨʔυ৚
݅Λຬͨ͞ͳ͘ͳͬͯ͠·͏৔߹ʹλΫςΟΫͷ࣮ߦΛऔΓফ͢λΫςΟΫ with_guardedΛ
࣮૷ͨ͠ɽͦͷ࣮૷Λιʔείʔυ 5.1ʹࣔ͢ɽ͜͜Ͱɼcheck_guardedλΫςΟΫ͸ͦͷ࣌
఺ͰͷΨʔυ৚݅Λݕࠪ͢ΔλΫςΟΫͰ͋Γɼ͜ͷݕࠪʹ͸ඪ४ͷݕ͓ࠪΑͼ઴ਐతݕࠪΛ
ར༻Ͱ͖Δɽ·ͨɼtac1; tac2 ͸ɼtac1 Λ࣮ߦͯ͠ੜ੒͞Εͨશͯͷΰʔϧʹ͍ͭͯɼtac2 Λ
࣮ߦ͢Δͱ͍͏ه๏Ͱ͋Δɽୠ͠ tac1 ͷ࣮ߦͰূ໌͕ऴྃ͢Δ৔߹͸ tac2 ͷ࣮ߦ͸ߦΘͳ͍ɽ
·ͨɼϢʔβ͕λΫςΟΫΛࣗΒఆٛ͢Δ৔߹͸ LtacίϚϯυΛ༻͍ɼιʔείʔυ 5.1ͷΑ
͏ʹɼλΫςΟΫ໊ɼҾ਺ɼఆٛͷॱʹॻ͘ɽ
with_guarded λΫςΟΫ͸Ҿ਺ͱͯ͠ͱͬͨλΫςΟΫ t Λ࣮ߦ͠ɼͦͷޙʹΨʔυ৚݅
ͷݕࠪΛߦ͏ɽͨͩ͠ɼ୯ʹ with_guarded t := t; check_guardedͱͯ͠͠·͏ͱɼλΫ
ςΟΫ tͰΰʔϧͷূ໌͕׬ྃ͢Δ৔߹ʹ͸ check_guarded͕࣮ߦ͞Εͳ͍ͨΊɼ޻෉͕ඞཁ
ͱͳΔɽ
͜͜Ͱ͸ɼμϛʔͷΰʔϧΛੜ੒͠ɼޙͰফ͢ͱ͍͏ํ๏Λͱͬͨɽιʔείʔυ 5.1ͷ 2ߦ
໨Ͱॏෳ͠ͳ͍ม਺໊ hΛऔಘ͠ɼ3ߦ໨ͷ assert (h: True)ͰɼμϛʔͷΰʔϧΛੜ੒ͯ͠
͍Δɽ͜͜ͰɼTrue͸ਅΛද͢ड़ޠͰ͋Δɽ
ιʔείʔυ 5.1 with_guardedλΫςΟΫͷ࣮૷
1 Ltac with_guarded t :=
2 let h := fresh "XX" in
3 assert (h: True); [idtac | t]; check_guarded;
4 match goal with
5 | [ |- True] => apply I
6 | _ => idtac
7 end; try clear h.
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࣍ʹɼ[idtac | t]Λ࣮ߦ͍ͯ͠Δɽ͜Ε͸ɼݱࡏαϒΰʔϧ͕ෳ਺͋Δͱ͖ʹ༻͍Δه๏
Ͱ͋Γɼ[tac1|tac2]͸Ұͭ໨ͷαϒΰʔϧʹ tac1 Λɼೋͭ໨ͷαϒΰʔϧʹ tac2 Λ࣮ߦ͢
Δ͜ͱΛද͢ɽ௚લʹੜ੒͞Εͨμϛʔͷΰʔϧ͸Ұͭ໨ͷαϒΰʔϧͱͳΔͨΊɼμϛʔͷα
ϒΰʔϧʹ͍ͭͯ͸ idtacλΫςΟΫ (Կ΋͠ͳ͍λΫςΟΫ)Λ࣮ߦɼμϛʔͰͳ͍αϒΰʔ
ϧʹ͍ͭͯλΫςΟΫ tΛ࣮ߦ͠ɼݕࠪΛߦ͍ͬͯΔɽ
ͦͷޙɼιʔείʔυ 5.1ͷ 4∼ 7ߦ໨ͰμϛʔͷΰʔϧΛফ͍ͯ͠Δɽ4ߦ໨Ͱ͸ match͕
ݱΕΔ͕ɼ͜Ε͸ GallinaͰ͸ͳ͘ Ltac ͷه๏Ͱ͋Δɽ͜͜Ͱ͸ݱࡏͷΰʔϧʹ͍ͭͯύλʔ
ϯϚονΛߦͳ͓ͬͯΓɼιʔείʔυ 5.1ͷ 5ߦ໨Ͱ͸ΰʔϧ͕ [ |- True]ɼͭ·Γΰʔϧ
ͷ໋୊͕ Trueͱͳ͍ͬͯΔΑ͏ͳΰʔϧʹରͯ͠ apply I Λ࣮ߦ͢Δ͜ͱΛද͍ͯ͠Δɽ͜
͜Ͱ I͸ɼTrueͷূ໌Ͱ͋Δɽ
͜ͷ with_guarded Λ༻͍Δ͜ͱͰɼͲͷΑ͏ͳλΫςΟΫʹରͯ͠΋ɼ࣮ߦޙʹݕࠪΛߦ
͏͜ͱ͕Ͱ͖ΔɽΑͬͯɼguarded_auto λΫςΟΫ͸ιʔείʔυ 5.2 ͷΑ͏ʹͯ͠ఆٛͰ
͖Δɽ
ιʔείʔυ 5.2ͷ 2ߦ໨Ͱ͸ɼrepeatλΫςΟΫΛ༻͍͍ͯΔɽ͜Ε͸ɼҾ਺ͱͯ͠ͱͬ
ͨλΫςΟΫΛ܁Γฦ࣮͠ߦ͢ΔλΫςΟΫͰ͋Δɽ
࣍ʹιʔείʔυ 5.2ͷ 3∼ 5ߦ໨Ͱ͸ɼݱࡏͷΰʔϧʹ͓͚ΔશͯͷԾఆ HΛద༻͠ɼΨʔ
υ৚݅Λຬ͔ͨ͢Λݕ͍ࠪͯ͠Δɽ͜͜Ͱ ltac:͸ɼapply H͕ Ltac Ͱ͋Δ͜ͱΛද͍ͯ͠Δɽ
CoqͰ͸͜ͷΑ͏ʹهड़͢Δͱɼwith_guarded ltac:(apply H)͕Ψʔυ৚݅Λຬͨ͞ͳ͍
ͱ͖͸όοΫτϥοΫΛߦ͍ɼҧ͏Ծఆ͕ Hͱͳͬͯ࠶ͼ with_guarded ltac:(apply H)Λ
࣮ߦ͢ΔɽΑͬͯɼશͯͷԾఆ Hʹରͯ͠ apply HΛߦ͍ɼΨʔυ৚݅Λຬ͔ͨ͢Λݕࠪͯ͠
͍Δɽ
લઅͷΑ͏ͳΰʔϧ ?Goalʹ͍ͭͯ autoͷ୅ΘΓʹ guarded_autoλΫςΟΫΛ༻͍Δͱɼ
·ͣ Hͱͯ͠Ծఆ zeros’͕બ୒͞ΕΔɽ͜͜Ͱ ?Goalʹ෦෼ূ໌߲ͱͯ͠ zeros’Λඥ෇͚ɼ
ݕࠪΛߦ͏ɽ
͜ͷݕࠪ͸ࣦഊ͢ΔͨΊɼόοΫτϥοΫΛߦ͍ɼH ͱͯ͠Ծఆ zeros Λબ୒͠ɼ?Goal ʹ
ඥ෇͚ͯݕࠪΛߦ͏ɽ͜ͷͱ͖ʹ͸Ψʔυ৚݅Λຬ͍ͨͯ͠Δ͜ͱ͕ݕࠪ͞ΕΔͨΊɼͦͷ··
zerosΛద༻͢Δɽ
ͳ͓ɼCoqඪ४ͷݕࠪΛ༻͍Δ৔߹Ͱ͸ɼGuardedίϚϯυͰͷݕࠪͱಉ༷ʹɼԾఆ H͕બ
୒͞ΕΔຖʹຖճূ໌߲Λߏஙͯ͠ݕࠪΛߦ͏͕ɼ઴ਐతݕࠪΛ༻͍Δ৔߹Ͱ͸طʹݕࠪ৘ใΛ
ιʔείʔυ 5.2 guarded_autoλΫςΟΫͷ࣮૷
1 Ltac guarded_auto :=
2 repeat (
3 match goal with
4 | [H: _ |- _ ] => with_guarded ltac:(apply H)
5 end; try intro).
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อ͍࣋ͯ͠ΔͨΊɼඥ෇͍ͨ෦෼ূ໌߲ (Ծఆ H)ͷΈ͔ΒݕࠪΛߦ͏͜ͱ͕Ͱ͖Δɽͨͩ͠ɼ઴
ਐతݕࠪΛ༻͍Δ৔߹͸ɼͦͷূ໌ͷ࠷ॳ͔Β઴ਐతݕࠪΛߦ͓ͬͯ͘ඞཁ͕͋Δɽ
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6 ࣮ݧͱධՁ
ຊݚڀͰ͸ɼલষͰࣔͨ͠઴ਐతݕࠪΛ Coqʹ࣮૷ͨ͠ɽ·ͨɼCoqඪ४ͷݕࠪʹ͔͔Δ࣌
ؒͱɼ࣮૷ͨ͠઴ਐతݕࠪʹ͔͔Δ࣌ؒͷ߹ܭΛଌఆ͠ɼ઴ਐతݕ͕ࠪͲͷΑ͏ͳূ໌ʹରͯ͠
ޮՌత͔ΛධՁͨ͠ɽ
6.1 ଌఆ؀ڥɾূ໌
ݕࠪ࣌ؒͷଌఆ͸࣍ͷΑ͏ͳ؀ڥͰߦͬͨɽ
• OS: Ubuntu 18.04.1 LTS
• CPU: Intel Core i7-8700 3.20GHz 12εϨου
• ϝϞϦ: 16GB
• Coqॲཧܥ: όʔδϣϯ 8.7.2
• Coqର࿩؀ڥ: Proof General
͜͜Ͱ Proof General [12]ͱ͸ɼ͍͔ͭ͘ͷର࿩తఆཧূ໌ࢧԉܥͷର࿩؀ڥΛ Emacs͔Βѻ
͑ΔπʔϧͰ͋ΔɽCoq ʹ͓͍ͯ͸ίϚϯυΛΩʔόΠϯυͰݺͼग़͢ͳͲͷศརͳػೳ͕උ
Θ͍ͬͯΔɽධՁʹ͓͍ͯ͸ɼ͜ͷ Proof GeneralΛ༻͍ͨɽ
·ͨɼݕࠪ࣌ؒͷଌఆʹ͸ਓ޻తͳ༨ؼೲతূ໌ 3ͭͱɼDeepSpecϓϩδΣΫτͷαϚʔε
Ϋʔϧ DSSS18 [13]ͷূ໌ͷ͏ͪɼ༨ؼೲతͳ΋ͷ 10ݸΛ༻͍ͨɽ
6.1.1 ଌఆʹ༻͍ͨূ໌
࣮૷ͨ͠઴ਐతݕ͕ࠪͲͷΑ͏ͳূ໌ʹରͯ͠༗ޮͳͷ͔Λݕࠪ͢ΔͨΊɼΨʔυ৚݅Λຬͨ
͍ͯ͠Δ࣍ͷࡾͭͷূ໌Λਓ޻తʹੜ੒͠ɼଌఆʹ༻͍ͨɽ
1. ಋೖͨ͠༨࠶ؼݺͼग़͠ f ͕ɼίϯετϥΫλͷҾ਺ʹͳΓͭͭɼূ໌߲ͷਂ͘·Ͱग़ݱ
͢ΔΑ͏ͳূ໌ (ίϯετϥΫλ)ɽ
2. 1ͷূ໌ʹ͓͍ͯɼίϯετϥΫλΛؔ਺Ͱ༩͑ΔΑ͏ʹͨ͠ূ໌ (ద༻)ɽ
3. ༨࠶ؼݺͼग़͠Λෳ਺ؚΈɼશ͕ͯূ໌߲ͷਂ͘Ͱ༻͍ΒΕΔূ໌ (ෳ਺ͷ༨࠶ؼݺͼ
ग़͠)ɽ
͞ΒʹɼDSSS18ʹؚ·ΕΔূ໌*1ͷ͏ͪɼVerdi [14]ͱ͍͏ূ໌෇͖ͷ෼ࢄγεςϜͷ࣮૷
ͷιʔείʔυͷ࣍ͷϑΝΠϧʹؚ·ΕΔɼ༨ؼೲతূ໌Λଌఆʹ༻͍ͨɽ
*1 ιʔείʔυ͸ https://github.com/DeepSpec/dsss18/tree/master/verdi/lec3/verdi/ҎԼ
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• systems/LiveLockServ.v (ূ໌ 1∼ 3)ɽ
• core/LabeledNet.v (ূ໌ 4ɼ5)ɽ
• core/PartialMapExecutionSimulations.v (ূ໌ 6ɼ7)ɽ
• core/TotalMapExecutionSimulations.v (ূ໌ 8∼ 10)ɽ
6.2 ଌఆ݁Ռ
લઅͰड़΂ͨূ໌ʹ͍ͭͯɼ࣍ͷ߲໨ͷ࣌ؒΛ 5ճͣͭଌఆͯ͠ฏۉΛͱͬͨɽ
• QedίϚϯυͰͷݕࠪʹ͔͔Δ࣌ؒ (ূ໌߲ͷߏங࣌ؒ΋ؚΉ)
• QedίϚϯυͰͷݕࠪʹ͓͍ͯɼূ໌߲Λߏங͢ΔͨΊʹ͔͔Δ࣌ؒ
• ઴ਐతݕࠪʹ͔͔ͬͨ࣌ؒͷ߹ܭ
·ͨɼਓ޻తͳྫʹ͍ͭͯ͸ͦΕͧΕίϯετϥΫλͷ਺ɼؔ਺ద༻ͷ਺ɼ༨࠶ؼݺͼग़͠ͷ
਺ΛมԽͤͯ࣌ؒ͞Λଌఆͨ͠ɽ
ਓ޻తͳྫ 1ͷଌఆ݁ՌΛਤ 6.1ͱද 6.1ʹɼྫ 2ͷଌఆ݁ՌΛਤ 6.2ͱද 6.2ʹࣔ͢ɽ
͜ΕΒͷ݁Ռ͔Βɼূ໌߲͕େ͖͘ͳΕ͹ͳΔ΄Ͳɼ઴ਐతݕࠪͷํ͕ Coqඪ४ΑΓݕࠪʹ
ඞཁͳ͕࣌ؒ୹͘ͳΔ͜ͱ͕Θ͔Δɽ͜Ε͸ଌఆ݁Ռ͔Β໌Β͔ͳΑ͏ʹɼ෦෼ূ໌߲͔Βূ໌
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ਤ 6.1 ਓ޻తͳྫ 1 (ίϯετϥΫλ)ͷଌఆ݁Ռ
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ද 6.1 ਓ޻తͳྫ 1 (ίϯετϥΫλ)ͷݕࠪ࣌ؒ (୯Ґ: 10−4s)
ίϯετϥΫλͷ਺ 10 20 50 100 500 1000
Coqඪ४ͷݕࠪ࣌ؒ 1.13 2.25 9.48 36.32 1849.30 15369.01
ূ໌߲ͷߏங࣌ؒ 0.58 1.50 7.75 32.15 1797.16 15203.55
઴ਐతݕࠪ࣌ؒ (߹ܭ) 2.23 3.30 8.82 21.59 208.54 792.77
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ਤ 6.2 ਓ޻తͳྫ 2 (ద༻)ͷଌఆ݁Ռ
ද 6.2 ਓ޻తͳྫ 2 (ద༻)ͷݕࠪ࣌ؒ (୯Ґ: 10−4s)
ؔ਺ద༻ͷ਺ 10 20 50 100 500 1000
Coqඪ४ͷݕࠪ࣌ؒ 1.37 2.72 10.12 38.31 1846.70 15352.55
ূ໌߲ͷߏங࣌ؒ 0.64 1.61 7.65 32.56 1788.18 15109.59
઴ਐతݕࠪ࣌ؒ (߹ܭ) 2.98 4.93 12.92 28.92 255.27 947.55
߲Λߏங͢Δ͕࣌ؒݕࠪ࣌ؒͷ͏ͪɼ46%∼ 99%Λ઎Ί͍ͯΔͨΊͰ͋Δɽରͯ͠ɼূ໌߲͕
খ͍͞ͱ͖͸ূ໌߲Λߏங͢Δ͕࣌ؒͦΕ΄Ͳ͔͔Βͳ͍ͨΊɼCoqඪ४ͷݕࠪͷํ͕͕͔࣌ؒ
͔Βͳ͍݁Ռͱͳͬͨɽ
·ͨɼྫ 2ͷূ໌߲ʹؚ·ΕΔؔ਺Λ؆໿͢Δͱྫ 1ͱಉ͡ূ໌߲ͱͳΔͨΊɼ઴ਐతݕࠪʹ
͓͍ͯ؆໿Λߦ͏ؔ਺͸ݕࠪ࣌ؒͷ͏ͪɼ25%ఔΛ઎Ί͍ͯΔ͜ͱ͕Θ͔Δɽ
34
࣍ʹɼਓ޻తͳྫ 3ͷଌఆ݁ՌΛਤ 6.3ͱද 6.3ʹࣔ͢ɽ
ྫ 3ͷূ໌Ͱ͸ɼ઴ਐతݕࠪͷํ͕ݕ͕ࠪ࣌ؒ୹͘ͳ͍ͬͯΔɽ͜Ε͸طʹड़΂ͨΑ͏ʹɼඪ
४ͷ CoqͷݕࠪͰ͸ɼ༨࠶ؼݺͼग़͠ f ͕Ұͭಋೖ͞ΕΔ౓ʹɼͦΕҎԼͷূ໌߲͕ f ʹ͍ͭ
ͯΨʔυ৚݅Λຬ͍ͨͯ͠Δ͔Λݕ͍ࠪͯ͠ΔɽΑͬͯɼ༨࠶ؼݺͼग़͕͠؀ڥʹෳ਺ؚ·Εͯ
͍ΔΑ͏ͳূ໌߲ʹ͓͍ͯ͸ɼͦͷ༨࠶ؼݺͼग़͠ f ͷ਺͚ͩ f ҎԼͷূ໌߲ʹ͍ͭͯݕࠪΛ
ߦ͏͜ͱͱͳΔͨΊɼ͜ͷΑ͏ͳྫͰ͸༨࠶ؼݺͼग़͠ͷ਺ nʹ͍ͭͯɼO(n2)ͷܭࢉྔͱͳΔ
͜ͱ͕ߟ͑ΒΕΔɽରͯ͠ɼ઴ਐతݕࠪͰ͸༨࠶ؼݺͼग़͕͠ෳ਺ؚ·ΕΔ৔߹Ͱ΋ಉ࣌ʹݕࠪ
Ͱ͖ɼԿ౓΋ಉ͡෦෼ͷূ໌߲Λݕࠪ͠ͳ͍ͨΊɼܭࢉྔ͸ O(n)ͱͳΔ͜ͱ͕ߟ͑ΒΕΔɽ·
ͨɼྫ 1ɼ2ͱൺ΂ͯূ໌߲ͷߏங࣌ؒͷׂ߹͕খ͍͜͞ͱ͔Β΋ɼݕࠪࣗମʹ͕͔͔࣌ؒͬͯ
͍Δͱ͍͏͜ͱ͕͍͑Δɽ
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ਤ 6.3 ਓ޻తͳྫ 3 (ෳ਺ͷ༨࠶ؼݺͼग़͠)ͷଌఆ݁Ռ
ද 6.3 ਓ޻తͳྫ 3 (ෳ਺ͷ༨࠶ؼݺͼग़͠)ͷݕࠪ࣌ؒ (୯Ґ: 10−4s)
༨࠶ؼݺͼग़͠ͷ਺ 10 20 50 100 500
Coqඪ४ͷݕࠪ࣌ؒ 5.79 22.25 226.18 1341.89 234468.00
ূ໌߲ͷߏங࣌ؒ 1.32 4.23 29.57 113.53 14375.31
઴ਐతݕࠪ࣌ؒ (߹ܭ) 3.88 7.53 25.69 68.05 1422.54
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࣍ʹɼDSSS18ʹؚ·ΕΔ༨ؼೲతূ໌ 10ݸͷଌఆ݁ՌΛਤ 6.4ͱද 6.4ɼද 6.5ʹࣔ͢ɽͳ
͓ɼূ໌͸ 6.1.1અͰ͚ͭͨ൪߸ʹରԠ͍ͯ͠Δɽ
͜ΕΒͷ݁Ռ͔ΒɼຆͲͷ৔߹ʹ͓͍ͯɼ઴ਐతݕࠪ͸ඪ४ͷݕࠪͱಉ͘͡Β͍ͷ͕͔࣌ؒ
͔͍ͬͯΔɽୠ͠ɼ3൪໨ͷূ໌͸ඪ४ͷݕࠪͱൺ΂ͯ 1.6ഒ΄Ͳͷ͕͔͔࣌ؒͬͯ͠·͍ͬͯ
Δɽ͜Ε͸ɼnext_term ͕ద༻͔ͭඇৗʹେ͖͍ূ໌߲ͱͳ͍ͬͯΔͱ͖ͷݕ͕ࠪଟ͘ɼऑ಄
෦ਖ਼نܗΛԿճ͔ٻΊΔඞཁ͕͋ΔͨΊͱߟ͑ΒΕΔɽ
·ͨɼ6ɾ7൪໨ͷূ໌ʹ͍ͭͯ͸઴ਐతݕࠪͷ΄͏͕΍΍଎͍ɽ͜Ε͸ 6ɾ7൪໨ͷূ໌͕ࣅ
ͨΑ͏ͳܗͷূ໌Ͱ͋Γɼ·ͨ৔߹෼͚͞Εͨূ໌ͷͦΕͧΕͰ༨࠶ؼݺͼग़͕͠ద༻͞ΕΔΑ
͏ͳ΋ͷͰ͋ΔͨΊɼ͜ͷ༨࠶ؼݺͼग़͠ͷࡍʹຖճ RP Λܭࢉ͠ͳ͍͜ͱɼ·ͨɼnext_term
͕͋·Γ࢖ΘΕͳ͍͜ͱ͔Βগʑ଎͘ͳ͍ͬͯΔͱߟ͑ΒΕΔɽ
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ਤ 6.4 DSSS18ͷূ໌ͷଌఆ݁Ռ
ද 6.4 DSSS18ͷূ໌ 1∼ 5ͷݕࠪ࣌ؒ (୯Ґ: 10−4s)
ূ໌ 1 2 3 4 5
Coqඪ४ͷݕࠪ 20.95 230.34 253.27 7.69 4.76
ূ໌߲ͷߏங 6.95 56.47 52.79 2.95 4.09
઴ਐతݕࠪ 14.68 228.21 409.95 10.72 7.76
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ද 6.5 DSSS18ͷূ໌ 6∼ 10ͷݕࠪ࣌ؒ (୯Ґ: 10−4s)
ূ໌ 6 7 8 9 10
Coqඪ४ͷݕࠪ 142.68 95.14 60.98 62.21 49.50
ূ໌߲ͷߏங 42.83 28.67 16.33 17.13 11.31
઴ਐతݕࠪ 49.84 52.07 55.60 57.07 54.59
ଞͷ DSSS18 ͷূ໌ʹ͍ͭͯ͸ɼඪ४ͷݕࠪͱ΄΅ಉ͘͡Β͍ͷ࣌ؒͰ઴ਐతʹݕࠪΛߦ͏
͜ͱ͕Ͱ͖ͨɽ͜Ε͸ɼ઴ਐతݕࠪͰ͸৘ใΛूΊͯอ࣋͢ΔͨΊগʑ͕͔͔࣌ؒΔ͕ɼඪ४ͷ
ݕࠪʹ͓͚Δূ໌߲Λߏங͢Δ࣌ؒͱ૬ࡴͰ͖ͨͱߟ͑ΒΕΔɽ
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7 ؔ࿈ݚڀ
ຊݚڀʹྨࣅͨ͠ݚڀʹ͸ɼؼೲ๏ͷԾఆͷΑ͏ʹ༨ؼೲ๏ͷԾఆΛͭ͘ΓɼͦΕΛ༻͍ͯ༨
ؼೲతূ໌Λߦ͏ [8]ͱɼύϥϝʔλ෇͖༨ؼೲ๏Λಋೖ͠ɼ༨ؼೲతূ໌ͷΨʔυ৚݅Λҙຯ
తʹݕࠪ͢ΔϥΠϒϥϦ Paco [9]ͱɼ༨ؼೲతূ໌ͷΨʔυ৚݅Λܕͷ࣌఺Ͱอূ͢Δݚڀ [15]
͕͋Δɽ
Chlipala [8]Ͱ͸ɼطʹड़΂ͨΑ͏طʹଘͷࣗಈূ໌λΫςΟΫͱ૬ੑ͕ѱ͍ͱ͍͏໰୊͓Α
ͼɼؼೲ๏Ͱ͸ inductionλΫςΟΫΛ༻͍Δ͜ͱͰؼೲ๏ͷԾఆ͕ੜ੒͞ΕΔ͕ɼ༨ؼೲ๏
Ͱ͸ͦͷΑ͏ͳλΫςΟΫ͕ଘࡏ͠ͳ͍͜ͱΛڍ͛ɼ༨ؼೲ๏ͷԾఆͱͳΔΑ͏ͳఆཧΛূ໌
͠ɼͦΕΛ༻͍ͯ༨ؼೲతূ໌Λߦ͍ͬͯΔɽ͜ͷख๏ʹ͓͍ͯɼcofixΛ༻͍Δͷ͸༨ؼೲ๏
ͷԾఆͷূ໌ʹ͓͍ͯͷΈͰ͋ΓɼͦΕΛ༻͍ͯ༨ؼೲతূ໌Λߦ͏ࡍͷূ໌Ͱ͸௚઀ cofix
Λ༻͍ͳ͍ɽΑͬͯɼauto ͳͲͷࣗಈূ໌λΫςΟΫΛར༻ͯ͠΋ɼ5.1 અͰઆ໌ͨ͠Α͏ʹ
Ψʔυ৚݅Λຬͨ͞ͳ͘ͳΔ͜ͱ͸ͳ͍ɽͨͩ͠ɼ༨ؼೲ๏ͷԾఆͱͳΔΑ͏ͳఆཧΛϢʔβ
͕ূ໌͓ͯ͘͠ඞཁ͕͋Δɽରͯ͠ຊݚڀͰ͸ɼ͜ͷΑ͏ͳఆཧΛূ໌͢Δ͜ͱ͸ͳ͘ɼ·ͨ
guarded_autoΛ༻͍Δ͜ͱͰɼΨʔυ৚݅Λຬͨ͢ূ໌ͷΈΛࣗಈͰੜ੒͢Δ͜ͱ͕Ͱ͖Δɽ
Paco [9]Ͱ͸ɼcofixλΫςΟΫΛ༻͍ͨߏจతͳΨʔυ৚݅ͷݕࠪ͸ऑ಄෦ਖ਼نܗΛٻΊΔ
ͨΊ஗͍͜ͱ΍ɼطଘͷࣗಈূ໌λΫςΟΫͱ૬ੑ͕ѱ͍ͱ͍͏໰୊Λڍ͛ɼͦΕΒͷ໰୊Λղ
ܾ͢ΔͨΊʹύϥϝʔλ෇͖༨ؼೲ๏Λಋೖ͠ɼҙຯతʹ༨ؼೲతূ໌ͷΨʔυ৚݅Λݕࠪͯ͠
͍Δɽ͜ͷύϥϝʔλ෇͖༨ؼೲ๏͸ PacoͰఆٛ͞ΕͨλΫςΟΫΛ༻͍ͯߦ͏͜ͱ͕Ͱ͖ɼ
༨ؼೲతূ໌ͷԾఆ͕ੜ੒͞ΕΔɽ͜Ε΋ɼcofixλΫςΟΫͷΑ͏ʹɼݱࡏͷ໋୊͕ͦͷ··
Ծఆʹಋೖ͞ΕΔΘ͚Ͱ͸ͳ͘ɼinductionλΫςΟΫͰੜ੒ͨ͠ԾఆͷΑ͏ʹɼݱࡏͷ໋୊
ͱ͸ܕ͕ҟͳΔԾఆ͕ಋೖ͞ΕΔɽ͞ΒʹɼcofixλΫςΟΫ͕ূ໌߲ʹग़ݱ͠ͳ͍ূ໌ͱͳΔ
ͨΊɼඪ४ͷ Coqʹ͓͚Δূ໌ऴྃ࣌ͷΨʔυ৚݅ͷ (ߏจతͳ)ݕࠪΛҰ੾ߦ͏ඞཁ͕ͳ͍ɽ
ୠ͠ɼύϥϝʔλ෇͖༨ؼೲ๏Λಋೖ͢ΔͨΊɼূ໌߲͕େ͖͘ෳࡶʹͳͬͯ͠·͏ɽରͯ͠ຊ
ݚڀͰ͸ɼඪ४ͷ Coqͱಉ༷ʹߏจతʹݕࠪΛߦ͏ͨΊɼݕࠪͷͨΊʹূ໌߲͕େ͖͘ෳࡶʹ
ͳΔ͜ͱ͸ͳ͍ɽ
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8 ͓ΘΓʹ
ຊݚڀͰ͸ɼ༨ؼೲతূ໌ʹ͍ͭͯɼλΫςΟΫͷ࣮ߦຖʹ༩͑ΒΕͨূ໌߲ͷΈΛऔಘ͠ɼ
৘ใΛߋ৽ͭͭ͠ݕࠪΛߦ͏઴ਐతݕࠪΛ࣮૷ͨ͠ɽ·ͨɼඪ४ͷ Coqʹ͓͚Δࣗಈূ໌λΫ
ςΟΫ autoΛجʹɼΨʔυ৚݅Λຬͨ͢ূ໌Λࣗಈతʹੜ੒͢ΔλΫςΟΫ guarded_autoΛ
࣮૷ͨ͠ɽຊݚڀʹ͓͚Δ઴ਐతݕࠪɼ·ͨ guarded_autoλΫςΟΫΛ༻͍Δ͜ͱͰɼ༨ؼೲ
తͳূ໌தʹΨʔυ৚݅Λຬͨ͞ͳ͘ͳͬͨࡍʹϢʔβ͸͙͢ؾ͖ͮɼ·ͨΨʔυ৚݅Λຬͨ͢
ূ໌ΛࣗಈͰੜ੒͢Δ͜ͱ͕Ͱ͖Δɽ
ࠓޙͷ՝୊ͱͯ͠ɼ·ͣ͸Ψʔυ৚݅Λຬͨ͞ͳ͘ͳͬͨͱ͖ʹৄࡉͳΤϥʔΛग़ྗ͢Δ͜ͱ
͕ߟ͑ΒΕΔɽݱࡏͷ઴ਐతݕࠪͰ͸ɼΨʔυ৚݅Λຬͨ͞ͳ͘ͳͬͨࡍ͸୯ʹݕࠪ࣌఺Ͱͷূ
໌߲Λग़ྗ͢ΔͷΈͰɼ۩ମతʹͲͷΑ͏ͳݪҼͰΨʔυ৚݅Λຬ͍ͨͯ͠ͳ͍͔͕ग़ྗ͞Εͳ
͍ɽͨͱ͑͹ɼ࣍ͷΑ͏ͳূ໌߲ʹ͍ͭͯݕࠪΛߦ͏ͱɼ༨࠶ؼݺͼग़͠ f ͷҾ਺ʹ f ؚ͕·
Εͯ͠·͍ͬͯΔͨΊʹΨʔυ৚݅Λຬ͍ͨͯ͠ͳ͍͜ͱ͕ݕࠪ͞ΕΔɽ
cofix f (n: nat) : stream := Cons n (f (S (hd_stream (f n))))
ͨͩ͠ɼ͜ͷΑ͏ͳ৔߹͸ ConsͷୈೋҾ਺ͷ f ͷҾ਺Λݕࠪ͢Δࡍɼݱঢ়Ͱ͸ ng_list ʹ f Λ
อ࣋ͯ͠ݕࠪΛߦ͍ͬͯΔ͕ɼng_list ͸ؔ਺ͷҾ਺ͷܕͳͲʹ༨࠶ؼݺͼग़ؚ͕͠·Εͳ͍͔
ݕࠪ͢ΔͨΊʹ΋༻͍͍ͯΔͨΊɼͲͷΑ͏ͳݪҼͰΨʔυ৚݅Λຬ͍ͨͯ͠ͳ͍͔͕ಛఆͰ͖
ͳ͍ɽΑΓଟ͘ͷ৘ใΛݕࠪ࣌ʹอ͓͖࣋ͯ͠ɼৄ͍͠Τϥʔ৘ใΛग़͢͜ͱͰɼΨʔυ৚݅Λ
ຬͨ͞ͳ͘ͳͬͨݪҼ͕෼͔Γ΍͘͢ͳΔɽ
·ͨɼ࿈݁͞ΕͨλΫςΟΫ tac1; tac2 ʹ͍ͭͯɼtac1 ͷ࣮ߦޙͱ tac2 ͷ࣮ߦޙͦΕͧΕ
Ͱ઴ਐతݕࠪΛߦ͏͜ͱ͕ߟ͑ΒΕΔɽ
ͨͱ͑͹ɼ1ষͰઆ໌ͨ͠ূ໌ͷҰ෦Λมߋͨ͠ূ໌εΫϦϓτɼιʔείʔυ 8.1ʹ͍ͭͯɼ
઴ਐతݕࠪΛߦ͏͜ͱΛߟ͑Δɽ
ݱࡏͷ઴ਐతݕࠪʹ͓͍ͯ 5ߦ໨ͷΑ͏ͳλΫςΟΫ͕࣮ߦ͞Εͨࡍ͸ simpl; bad_apply;
assumptionΛҰͭͷλΫςΟΫͱ࣮ͯ͠ߦ͠ɼͦͷ݁Ռඥ෇͚ΒΕͨূ໌߲ʹ͍ͭͯ·ͱΊͯ
ιʔείʔυ 8.1 ones_succzeros_eqͷূ໌εΫϦϓτ
1 Lemma ones_succzeros_eq : stream_eq ones (allS zeros).
2 cofix stream_eq.
3 rewrite <- (frob_eq ones).
4 rewrite <- (frob_eq (allS zeros )).
5 simpl; bad_apply; assumption.
6 Qed.
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ݕࠪΛߦ͍ͬͯΔɽ͜ͷΑ͏ͳ৔߹ʹ͓͍ͯɼsimpl࣮ߦޙʹݕࠪΛߦ͍ɼ࣍ʹ bad_apply࣮
ߦޙʹݕࠪɼassumption࣮ߦޙʹݕࠪɼͱ͢Δ͜ͱͰɼΨʔυ৚݅Λຬͨ͞ͳ͘ͳͬͨࡍʹΑ
ΓݪҼͱͳΔλΫςΟΫ͕Θ͔ΔΑ͏ʹͳΔͱߟ͑ΒΕΔɽ
·ͨ 5ষͰ΋ड़΂ͨΑ͏ʹɼશͯͷλΫςΟΫ͕ɼ༨ؼೲతূ໌ʹ͓͍ͯΨʔυ৚݅Λຬͨ͞
ͳ͘ͳΔՄೳੑ͕͋ΔΑ͏ͳূ໌߲Λੜ੒͢ΔΘ͚Ͱ͸ͳ͍ɽͨͱ͑͹ɼsimpl λΫςΟΫ͸
୯ʹܕͷΩϟετΛߦ͏͚ͩͳͷͰɼ͍࣮ͭߦͯ͠΋Ψʔυ৚݅ͷݕࠪ݁Ռ͸มΘΒͳ͍ɽΑͬ
ͯɼ͜ͷΑ͏ͳλΫςΟΫͰ͸ݕࠪΛεΩοϓ͢Δ͜ͱ͕ߟ͑ΒΕΔɽ
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ँࣙ
ຊݚڀʹ͋ͨͬͯɼ༷ʑͳޚࢦಋΛ௖͖·ͨ͠ిؾ௨৴େֶͷؠ࡚ӳ࠸ڭतɼ౦๺େֶͷத໺
ܓհڭतɼઙా࿨೭ॿڭʹਂ͘ײँக͠·͢ɽ·ͨɼຊݚڀʹ༷ؔͯ͠ʑͳ͝ҙݟΛ͍͖ͨͩ·
ͨ͠ɼిؾ௨৴େֶچத໺ݚڀࣨଔۀੜͷࢁాҏ৫ࢯɼ౦๺େֶͷத໺ݚڀࣨͷօ༷ɼిؾ௨৴
େֶͷؠ࡚ݚڀࣨͷօ༷ʹਂ͘ײँக͠·͢ɽ
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ࢀߟจݙ
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෇࿥: ධՁʹ༻͍ͨূ໌ͷূ໌߲
઴ਐతݕࠪͷධՁʹ༻͍ͨɼਓ޻తͳূ໌ͷূ໌߲Λࣔ͢ɽ
ਓ޻తͳྫ 1 (ίϯετϥΫλ)
ਓ޻తͳྫ 1ͷূ໌߲͸ਤ 1ͷΑ͏ʹɼࣗવ਺ʹύλʔϯϚονΛ͠ͳ͕Β༨࠶ؼݺͼग़͕͠
ূ໌߲ͷਂ͘·Ͱग़ݱ͠ଓ͚ΔܗͱͳΔɽ͜ͷΑ͏ͳূ໌߲͸༨ؼೲతূ໌ʹ͓͍ͯ࠷΋୯७ͳ
ূ໌߲Ͱ͋ΓɼଞͷྫͱͷൺֱͷͨΊʹ༻͍ͨɽ·ͨɼରԠ͢Δূ໌εΫϦϓτ͸ιʔείʔυ
1ʹࣔ͢ɽ
ਓ޻తͳྫ 2 (ؔ਺ద༻)
ਓ޻తͳྫ 2ͷূ໌߲͸ਤ 2ͷΑ͏ʹɼؔ਺ cons_streamͷద༻͕ূ໌߲ͷਂ͘·Ͱग़ݱ͠
ଓ͚ΔܗͱͳΔɽ͜͜Ͱ cons_stream ͸ɼcons_stream h t := Cons h t ͷΑ͏ͳఆٛͱ
cofix test1 (X: nat): stream :=
match X with
| 0 => Cons X (test1 X)
| S _ =>
match X with
| 0 => Cons X (test1 X)
| S _ =>
match X with
| 0 => Cons X (test1 X)
| S _ =>
match X with
| 0 => Cons X (test1 X)
| S _ =>
match X with
| 0 => Cons X (test1 X)
| S n => Cons 1 (test1 n)
end
end
end
end
end
ਤ 1 ਓ޻తͳྫ 1 (ίϯετϥΫλ͸ 6ݸ)ͷ৔߹ͷূ໌߲
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ιʔείʔυ 1 ਓ޻తͳྫ 1 (ίϯετϥΫλ͸ 6ݸ)ͷ৔߹ͷূ໌εΫϦϓτ
Definition test1: nat -> stream nat.
cofix test1.
intros ?X; case X; [ apply (Cons X (test1 X)) | idtac ].
intros ?X; case X; [ apply (Cons X (test1 X)) | idtac ].
intros ?X; case X; [ apply (Cons X (test1 X)) | idtac ].
intros ?X; case X; [ apply (Cons X (test1 X)) | idtac ].
intros ?X; case X; [ apply (Cons X (test1 X)) | idtac ].
intros n. apply (Cons 1 (test1 n)).
Defined.
cofix test2 (X : nat) : stream :=
match X with
| 0 => cons_stream X (test2 X)
| S _ =>
match X with
| 0 => cons_stream X (test2 X)
| S _ =>
match X with
| 0 => cons_stream X (test2 X)
| S _ =>
match X with
| 0 => cons_stream X (test2 X)
| S _ =>
match X with
| 0 => cons_stream X (test2 X)
| S n => cons_stream 1 (test2 n)
end
end
end
end
end
ਤ 2 ਓ޻తͳྫ 2 (ద༻͸ 6ݸ)ͷ৔߹ͷূ໌߲
ͳΔɼ୯ʹ ConsΛ͚ͭΔ͚ͩͷؔ਺Ͱ͋ΔɽΑͬͯɼਓ޻తͳྫ 2ͷূ໌߲ͷਖ਼نܗ͸ਤ 1ͱ
ಉ͡ܗͷূ໌߲ͱͳΔɽ·ͨɼରԠ͢Δূ໌εΫϦϓτ͸ιʔείʔυ 2ʹࣔ͢ɽ
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ιʔείʔυ 2 ਓ޻తͳྫ 2 (ద༻͸ 6ݸ)ͷ৔߹ͷূ໌εΫϦϓτ
Definition test2 : nat -> stream nat.
cofix test2.
intros ?X; case X; [ apply (cons_stream X (test2 X)) | idtac ].
intros ?X; case X; [ apply (cons_stream X (test2 X)) | idtac ].
intros ?X; case X; [ apply (cons_stream X (test2 X)) | idtac ].
intros ?X; case X; [ apply (cons_stream X (test2 X)) | idtac ].
intros ?X; case X; [ apply (cons_stream X (test2 X)) | idtac ].
intros n. apply (cons_stream 1 (test2 n)).
Defined.
ਓ޻తͳྫ 3 (ෳ਺ͷ༨࠶ؼݺͼग़͠)
ਓ޻తͳྫ 3 ͷূ໌߲͸ਤ 3 ͷΑ͏ʹɼ༨࠶ؼݺͼग़͠Λෳ਺ݸಋೖ͠ɼূ໌߲ͷ࠷΋ਂ͍
෦෼Ͱͦͷ༨࠶ؼݺͼग़͕͠શͯݱΕΔΑ͏ͳূ໌߲ͱͳΔɽ͜ͷΑ͏ͳূ໌߲ʹ͍ͭͯ௨ৗͷ
ݕࠪΛߦ͏ͱɼ༨࠶ؼݺͼग़͠ͷ਺͚ͩݕࠪؔ਺ check_one_cofix͕ݺ͹ΕΔͨΊɼޮ཰͕ѱ
͍ɽ·ͨɼରԠ͢Δূ໌εΫϦϓτ͸ιʔείʔυ 3ʹࣔ͢ɽ
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cofix CIH0 : nat -> stream :=
cofix CIH1 : nat -> stream :=
cofix CIH2 : nat -> stream :=
cofix CIH3 : nat -> stream :=
cofix CIH4 : nat -> stream :=
cofix CIH5 (X : nat) : stream :=
match X with
| 0 => Cons X (CIH0 X)
| S _ =>
match X with
| 0 => Cons X (CIH1 X)
| S _ =>
match X with
| 0 => Cons X (CIH2 X)
| S _ =>
match X with
| 0 => Cons X (CIH3 X)
| S _ =>
match X with
| 0 => Cons X (CIH4 X)
| S _ =>
match X with
| 0 => Cons X (CIH5 X)
| S (0 as XX) => Cons XX (CIH0 XX)
| S (1 as XX) => Cons XX (CIH1 XX)
| S (2 as XX) => Cons XX (CIH2 XX)
| S (3 as XX) => Cons XX (CIH3 XX)
| S (4 as XX) => Cons XX (CIH4 XX)
| S (S (S (S (S (S _)))) as XX)
=> Cons XX (CIH5 XX)
end
end
end
end
end
end
ਤ 3 ਓ޻తͳྫ 3 (༨࠶ؼݺͼग़͠͸ 6ݸ)ͷ৔߹ͷূ໌߲
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ιʔείʔυ 3 ਓ޻తͳྫ 3 (༨࠶ؼݺͼग़͠͸ 6ݸ)ͷ৔߹ͷূ໌εΫϦϓτ
Definition test3 : nat -> stream nat.
cofix CIH0.
cofix CIH1.
cofix CIH2.
cofix CIH3.
cofix CIH4.
cofix CIH5.
intros ?X; case X; [ apply (Cons X (CIH0 X)) |].
intros ?X; case X; [ apply (Cons X (CIH1 X)) |].
intros ?X; case X; [ apply (Cons X (CIH2 X)) |].
intros ?X; case X; [ apply (Cons X (CIH3 X)) |].
intros ?X; case X; [ apply (Cons X (CIH4 X)) |].
intros ?X; case X; [ apply (Cons X (CIH5 X)) |].
intro XX.
apply (match XX with
| (S (S (S (S (S _))))) => ltac:( apply (Cons XX (CIH5 XX)))
| (S (S (S (S _)))) => ltac:(apply (Cons XX (CIH4 XX)))
| (S (S (S _))) => ltac:(apply (Cons XX (CIH3 XX)))
| (S (S _)) => ltac:(apply (Cons XX (CIH2 XX)))
| (S _) => ltac:( apply (Cons XX (CIH1 XX)))
| O => ltac:( apply (Cons XX (CIH0 XX)))
end).
Defined.
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